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 Tropical cyclones (TCs) are among the most destructive meteorological phenomena and 
impact the lives of people who reside along the coast. The American Pacific Coastline borders 
the second most active TC development region in the world, the northeastern Pacific (NE Pac) 
basin. This region, along with the Central Pacific (C Pac)-bordering Hawaii is home to a growing 
population and cities engaged in a variety of economic activities, most prominently agriculture, 
fishing, and tourism. This study analyzes fifty-two (1966-2017) years of NE Pac and C Pac TCs 
through applying track data from the National Hurricane Center’s HURDAT2 and a TC size 
model to determine TC strikes at fifty-eight locations in the Pacific Coast and Hawaii. An 
average TC strike model is used, whereby tropical storms, hurricanes, and major hurricane 
strikes are determined for each location.  These data are used to construct time series and return 
periods for each location. Results indicate varying patterns of strike frequency across the Riviera, 
with “hot spots” along the southwestern coast of Mexico (centered on Manzanillo, Colima), on 
the southern tip of Baja California Sur, and on Isla Socorro, part of the Revillagigedo Island 
chain. These regions had TC return periods of two years or less while locations in Sonora, 
Central America, San Diego, parts of Hawaii, and northern Baja California had return periods of  
fifty-two years or greater.  In addition, the influence of atmospheric oscillations on these strikes 
and TC tracks close to the Mexican coastline was investigated. It was found that developing La 
Niña events in the El Niño-Southern Oscillation and developing westerly phases of Quasi-
Biennial Oscillation may promote increased percentage TC strikes along the Mexican coastline, 
or an increased percentage of storms tracking closer to the Mexican coast. Results of this thesis 
have utility to coastal planners, local governments, tourism agencies, and investors in this region 
in understanding the risk this oft overlooked region has to TCs. 
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Chapter 1. Introduction 
1.1. Introduction 
 Tropical cyclones (TCs) are among the most destructive meteorological phenomena in 
the world. Annually, they cause billions of dollars in damage and hundreds of causalities around 
the world from their many hazards, including heavy rains, storm surge, and strong winds. While 
the meteorological and climatological communities have made many advances in seasonal 
forecasting of TCs, as well as individual storm forecasting, there is still much to discover about 
these destructive storms. 
 Historically, TC activity has been found around the world in the tropics (except near the 
equator). However, not all regions of the world are created equal. TC activity has historically 
been most frequent in the northwestern Pacific (north of the equator and west of the International 
Date Line), the northeastern Pacific (north of the equator and east of 140°W longitude), and the 
north Atlantic (including the Caribbean and Gulf of Mexico), producing 36, 16, and 11% of 
global TC activity annually (Gray 1968). While the northwestern Pacific (NW Pac) and north 
Atlantic are often thought of as active TC development basins, the northeastern Pacific (NE Pac) 
sometimes is forgotten. This is especially true considering that before the advent of geostationary 
satellites, many NE Pac TCs were likely left undiscovered and missing from the record (Blake et 
al. 2009, Gray 1968). However, with the advent of satellite imagery, there is increased 
confidence that the NE Pac is the second most active TC development basin, behind the NW Pac 
(Blake et al. 2009).  
 On the other hand, some areas of the tropics are historically inactive. Gray (1968) 
mentions two of these areas: the central north Pacific (C Pac) and the southwestern Atlantic. 
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While the latter is largely true, in the modern era we know that TCs occur with relative 
frequency in the C Pac basin and can strike the Hawaiian Islands (Chu and Wu 2008).  
 Atmospheric teleconnections, such as the El Niño-Southern Oscillation (ENSO), play a 
role in modulating TC activity around the world, and the NE Pac and C Pac are no exception. 
Multiple teleconnections have been found to influence NE Pac and C Pac TC activity, including 
ENSO (Jien et al. 2015, Martinez-Sanchez and Cavazos 2014, Chu and Wang 1997), the Madden 
Julian Oscillation (Collins and Mason 2000, Maloney and Hartmann 2000), and the Pacific 
Decadal Oscillation (Raga et al. 2013), and the Atlantic Multidecadal Oscillation (Wang and Lee 
2009) among others.  
 The Pacific Coast of the Mexico and Central America, along with Hawaii, are vulnerable 
to TCs that develop in the NE Pac and C Pac. These coastal and island regions are home to a 
variety of economic activities, such as agriculture, fishing, and especially tourism. Therefore, 
having an understanding of the spatial and temporal variability of TC strikes and TC return 
periods would have a utility in assessing risk at different locations along the Pacific Coast of 
Mexico, Central America, and Hawaii have to TCs. In addition, understanding which 
atmospheric oscillations promote or inhibit TC movement and strikes near different communities 
along the coast could provide yet another tool for seasonal forecasters to use when projecting the 
upcoming hurricane season’s activity. 
1.2. Objectives 
 This thesis provides a unique view on TC strike climatology for the Pacific Coast of 
Mexico, Central America, and for the Hawaiian Islands. While there has been a respectable 
amount of research on landfalling TCs on Mexico, these studies generally do not consider storms 
that graze the coastline without making landfall, nor do these studies consider storms that impact 
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Central America. While studies on Hawaiian hurricanes do discuss environmental and 
atmospheric conditions of TCs that come near the islands, many of these studies are dated (Chu 
and Wang 1998, Chu and Wu 2008). Results of this research will have utility to coastal planners, 
emergency managers, meteorologists, and the general public on understanding the historical risk 
and help project future risk that these regions have to TC activity.  
 The main objectives of this research are as follows: 
1. To analyze the spatial and temporal characteristics of TC strikes for locations along the 
Pacific Coast between San Diego, California and Las Peñitas, Nicaragua and on Hawaii. 
2. To calculate the historical average TC, hurricane, and major hurricane return periods for 
these same locations. 
3. To determine the impact of atmospheric teleconnections on TC activity along the Pacific 
Coast of Mexico. 
1.3. Background 
 
 The NE Pac basin is historically the second most active TC development basin, behind 
the NW Pac basin, while the C Pac historically is not as active but has seen significant activity in 
recent decades (Gray 1968, Chu and Wu 2008). TC activity in the NE Pac basin has been 
reported back as early as 1832 and the C Pac as early at 1843 (Visher 1922). Visher (1922) 
explains that sixty-eight TCs were documented between those earliest systems and 1922, 
although the author provides the caveat that some of these systems may be baroclinic (non-
tropical) systems. However, even in this era, the two common tracks of NE Pac TCs were 
described: those that moved west-northwest and recurving storms, which would later be 
determined to be common paths of TCs in this region (Romero-Vadillo et al. 2007, Blake et al. 
2009). More confidently, Hurd (1929, p.43) describes the coast of Mexico as “a place of 
4 
 
dangerous summer and autumn cyclones”, despite its location on the eastern side of a large 
ocean. He details eighteen different TCs between 1895 and 1928, and like Visher (1922) details 
common track types that have held up as records for the basin have improved. Both Visher 
(1922) and Hurd (1929) detail some of the early damage and impacts of these storms in Mexico, 
though neither mentions TC impacts in the United States. One example of these US impacting 
storms is the San Diego Hurricane of 1858, which is the only known NE Pac TC to bring 
Hurricane conditions to California (Chenoworth and Landsea 2004). Later on, Serra (1971) 
describes tracks of NE Pac TCs during August, September, and October, and again derived 
climatological tracks similar to Visher (1922) and Hurd (1929). Their importance to shipping in 
the region has also been long documented, according to DeAngelis (1967, p.200), “[a]ccurate 
positioning and forecasting of these storms is of incalculable value to the mariner”.  
 According to Romero-Vadillo et al. (2007), during 1966 to 2004 an average of 16.3 TCs 
per year formed in the NE Pac, of which 8.8 of them were hurricanes. This is higher than 
described by Gray (1968) and is partially explained by the advent of geostationary satellite 
imagery over the basin, which began in 1966 (Blake et al. 2009). Between 1966 and 2003, an 
average of four storms either formed or moved into the C Pac basin each year, of which one was 
a hurricane (Chu and Wu 2008). The common area of tropical cyclogenesis in the NE Pac basin 
is south of the states of Guerrero and Oaxaca. Climatologically, approximately 50% of NE Pac 
TCs move away from Mexico and Central America, while the remainder stay close to the coast 
or make a direct landfall, whether by recurving in the coast (such as Hurricane Patricia- 2015), 
turning north and striking Baja California (such as Hurricane John- 2006), or forming and 
moving north (such as Tropical Storm Trudy- 2014) (Romero-Vadillo et al. 2007). The most 
active NE Pac season (in terms of number of storms) on record is 1992 (27 named storms) while 
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the least active years (since 1966) were 1977 and 2010 (8 named storms) (Colorado State 
University- Tropical Meteorology Project, Wu and Chu 2007). The NE Pac Hurricane Season for 
the basin begins on May 15th, while the C Pac Hurricane Season begins on June 1st. Both run 
until the end of November, terminating concurrently with the Atlantic Basin. TCs have been 
documented throughout the year in both the NE Pac and C Pac. There are many climatological 
modulators of activity in the NE Pac and C Pac basins. These modulators include the El Niño-
Southern Oscillation (Jien et al. 2015, Farfán et al. 2013, Larson et al. 2005, Chu and Wang 
1997), the Pacific Decadal Oscillation (Martinez-Sanchez and Cavazos 2014, Raga et al. 2013), 
the Atlantic Multidecadal Oscillation (Martinez-Sanchez and Cavazos 2014, Wang and Lee 
2009), and others (Collins and Mason 2000). These modulators will be discussed in greater detail 
in Chapter 3.  
 NE Pac TC cyclogenesis can occur in a variety of ways. The majority of TCs form from 
African Easterly Waves that enter into the basin from the Atlantic after crossing Central America 
(Avila 1991, Romero-Vadillo et al. 2007, Blake et al. 2009). Other systems spin up out of ITCZ, 
or, as recently occurred with Tropical Storm Selma (2017), form out of a Central American Gyre 
(Blake et al. 2009, Cangialosi 2017).  
 Larson et al. (2005) shows that TC strikes are prevalent on mainland Mexico from June 
through October and on Baja California from July to October, based on a study of storms from 
1950-1998. In Mexico, the risk by state is variable. Overall, the states of Baja California Sur, 
Jalisco, Sinaloa, and Oaxaca tend to receive the most landfalls (Serra 1971, Jáuregui 2003). 
Central America is not frequently struck, although in recent years the Tropical Storms Alma 
(2008), Agatha (2010), and Selma (2017) have made direct landfalls in Nicaragua, Guatemala, 
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and El Salvador, respectively (Blake and Pasch 2010, Stewart and Cangialosi 2012, Roberts and 
Pasch 2018).   
 There have been some interesting trends overall in basin activity in recent years. For 
example, Klotzbach (2006) noted a significant decrease in ACE for the NE Pac between 1986 
and 2005, which correlated with an increase in ACE for the Atlantic basin during the same 
period. This reversal was also documented by Wang and Lee (2009) who found that there was 
inverse relationship between the two basins.  
 Operationally, TCs and precursor disturbances that form east of the 140°W in the 
northern Pacific (the NE Pac) are handled by the National Hurricane Center (NHC) in Miami, 
Florida, while systems between the International Date Line (180°E/W) and 140°W are handled 
by the Central Pacific Hurricane Center (CPHC), part of the National Weather Service (NWS) 
Weather Forecast Office in Honolulu, Hawaii. Naming conventions in the NE Pac are similar to 
the Atlantic basin, with six lists of alternating male-female names (first used in 1978) that begin 
with “A” every year, while the C Pac lists (first used in 1982) follow the Hawaiian Alphabet, and 
do not reset every year. In both the NE Pac and C Pac, a tropical depression has winds less than 
33 kts, a tropical storm has winds between 34 and 64 kts, and a hurricane has winds greater than 
64 kts- identical to the Atlantic. Hurricane strength is determined by the Saffir-Simpson 
Hurricane Wind Scale (SSHWS), where a Category 3 hurricane or stronger is called a “major 













 TCs have been devastating events for Mexico, Central America, and Hawaii in recent 
years. Hundreds in Mexico were killed by Hurricanes Liza (1976), Paul (1982), Pauline (1997), 
and Manuel (2013), while Manuel and Odile (2014) caused more than four billion (2013 USD) 
and one billion dollars (2014 USD) in damage in mainland Mexico and Baja California, 
respectively (Cangialosi and Kimberlain 2015, Pasch and Zelinsky 2014, Farfán et al. 2013). The 
most notable TC in recent years in Central America is Tropical Storm Alma (2008), which 
caused millions of dollars in damage in Honduras, Nicaragua, and Costa Rica (Brown 2008). 
Hawaii, on the other hand, was devastated by Hurricane Iniki (1992), which caused over three 
billion dollars in damage (2010 USD) and Hurricane Iwa (1982), which caused $733 million in 
damage (2010 USD) (Blake et al. 2011).   
Category Winds (mph) Winds (kt) 
Tropical Depression ≤ 38 ≤33 
Tropical Storm 39-73 34-63 
Category 1 Hurricane 74-95 64-82 
Category 2 Hurricane 96-110 83-95 
Category 3 Hurricane 111-129 96-112 
Category 4 Hurricane 130-156 113-136 
Category 5 Hurricane ≥157 ≥137 
Table 1. The Saffir-Simpson Hurricane Wind Scale and HURDAT2 definitions of a Tropical 
Depression and Tropical Storm (SSHWS) 
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Chapter 2. Return Periods and Spatial and Temporal Variability of 
Northeastern and Central Pacific Tropical Cyclones 
 
2.1. Introduction 
 With their history of devastation in western Mexico, Central America, and Hawaii, it is 
prudent that scientists attain a better understanding of the risk these locations have to TC strikes 
from the NE Pac and C Pac.  This understanding can then be relayed to coastal planners, 
emergency managers, and the general public to help prepare for future storms and their 
associated hazards, as well as provide a context on how TC risk has changed in the past and 
therefore serve as a baseline for studies of TCs in a future climate.  
 This study analyzes the temporal and spatial patterns of TC strikes at fifty-two locations 
along American Pacific Coast, between San Diego, California, USA and Las Peñitas, Leon, 
Nicaragua and six locations in Hawaii. In addition, the historical average all TC, hurricane, and 
major hurricane return periods are calculated for each location. While there are multiple studies 
that have looked at landfalling NE Pac TCs (Martinez-Sanchez and Cavazos 2014, Farfán et al. 
2013, Raga et al. 2013, Jáuregui 2003), most do not take into account storms that may move 
close to the coastline and impact the coast with a variety of hazards. However, the study will 
follow the methodology used in other basins by Muller and Stone (2001), Keim et al. (2007) and 
Li and Duan (2010) by considering strikes from non-landfalling storms that make approaches 
close to the coast in calculating return periods and determining spatial and temporal 
characteristics of TC strikes. 
2.2. Background 
 Tropical cyclones frequently impact the Pacific Coast of Mexico (the Mexican Riviera), 
while they less frequently affect Central America, southern California, and Hawaii. Serra (1971) 
found that the Baja California peninsula (at that time one whole state), Sinaloa, Michoacán, and 
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Oaxaca had over a 35% chance of receiving a direct landfall from a TC at any intensity, while all 
states but Chiapas (far southeastern Mexico, bordering Guatemala) had at least a 75% chance of 
a TC moving within 200 nautical miles of their coastlines. Jáuregui (2003) found that the states 
of the Mexican Riviera are vulnerable to TC landfalls, especially the states of Baja California 
Sur, Sinaloa, and Jalisco. Farfán et al. (2013) also found that between 1970 and 2010, Baja 
California Sur was the most frequently struck state, while Chiapas, in southeastern Mexico next 
to Guatemala, was the least struck. In addition, latitudinally, TC landfalls along the Pacific Coast 
ranged from 11°N to 34°N (Fárfan et al. 2013). However, these studies look at storms moving 
ashore along each states’ coastlines and therefore have a bias toward states (such as Baja 
California Sur and Oaxaca) that have much longer coasts and against states with much shorter 
coastlines (such as Nayarit and Colima), a bias discussed in by Muller and Stone (2001) and 
Keim et al. (2007) when looking at TC return periods in the United States, as well. 
 TC landfalls are a regular occurrence for the Mexican coast. In 2017 alone, four TCs 
(Tropical Storms Beatriz, Calvin, Lidia, and Hurricane Max) made landfall in western Mexico 
(Roberts and Pasch 2018). Raga et al. (2013) found that between 1880 and 2010, the Mexican 
Riviera had 2.1±1.6 TC landfalls per year, with at least one landfall per year noted in over 75% 
of the years during that time period. In addition, Jáuregui (2003) found that 18% of all NE Pac 
TCs of hurricane intensity made a direct landfall in Mexico. In addition, Martinez-Sanchez and 
Cavazos (2014) found that, on average, one TC of hurricane intensity made landfall each year.  
These landfalling TCs have greatly affected the communities of western Mexico and Central 
America. For example, Hurricane Pauline (1997) affected over 800,000 persons and left over 230 
dead in southern Mexico (Farfán et al. 2013, Lawrence 1999), while Hurricane Odile (2014) was 
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the most destructive hurricane ever experienced in Baja California, causing over one billion 
dollars (2014 USD) in damage, while claiming eleven lives (Berg and Kimberlain 2015).  
 For the remainder of the American Pacific coast, TC landfalls range from uncommon to 
rare. Only two TCs (of at least tropical storm intensity) have been documented to make landfall 
in California, the 1858 San Diego Hurricane and 1939 Long Beach Tropical Storm (Chenoworth 
and Landsea 2004). Visher (1922) also describes two additional storms in California. These are 
shown making landfall in northern California in the 1850s during the winter months and were 
likely were strong extratropical systems. Central American landfalls have been documented, 
albeit infrequently, since the beginning of the HURDAT2 era (1949), with the most recent 
landfall coming in 2017 from Tropical Storm Selma (Roberts and Pasch 2018).  
 Tropical cyclone landfalls and strikes are rare, but not unprecedented on the Hawaiian 
Islands. Notable Hawaiian TCs in recent years include Hurricanes Iselle (2014) and Darby 
(2016) both of which made landfalls on the big island (Kimberlain et al. 2018 and Cangialosi 
2016).  Chu and Wang (1998) modelled return periods of different wind speeds for storms 
moving within 250 nautical miles of Honolulu, Hawaii between 1949 and 1995 and found that 
tropical force wind speeds were expected once every three years and hurricane force winds were 
expected every seven years.  
 Studies of TC landfall and strike frequency are a useful way to analyze location’s 
historical risk to TCs, while also providing a baseline to determine how risk might be changing 
with time. Keim et al. (2007) also mentions that these type of studies have use for planners for 
coastal states and communities in TC-prone areas. There are many ways to calculate return 
periods of extreme events, such as applying extreme value theory (Trepanier and Scheitlin 2014). 
Studies by Keim et al. (2007), Muller and Stone (2001), Elsner and Kara (1999), and Simpson 
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and Lawrence (1971) describe the average TC return periods for the United States from a variety 
of perspectives. Simpson and Lawrence (1971) looked a return periods of landfalling tropical 
storms and hurricanes for 50 mile coastal segments and found that generally the shortest return 
periods were along the Gulf Coast and South Florida, but since they only looked at landfalling 
storms, they mention that these estimates are conservative. Elsner and Kara (1999) looked at 
return periods for coastal counties, between Texas and Maine finding similar return periods as 
Simpson and Lawrence (1971) for the gulf coast and south Florida, but significantly shorter 
return periods for coastal North Carolina and Virginia. Muller and Stone (2001) and Keim et al. 
(2007) thought that a point based approach to return frequency analysis was more appropriate, as 
coastal counties that have shorter coastlines, such as Jefferson Parish, Louisiana, have less of an 
opportunity to experience a landfall compared to counties with longer coasts, such as Cameron 
Parish, Louisiana.  
 As discussed, Muller and Stone (2001) and later Keim et al. (2007) used a different 
approach. Rather than using fixed segments or counties, they used coastal cities and 
communities. Muller and Stone (2001) analyzed strikes on locations between South Padre Island, 
Texas and Cape Hatteras, North Carolina using an average TC size model (Figure 1). The 
authors found, like the studies before them, that the shortest return periods for tropical storms 
were concentrated on the northern Gulf Coast, South Florida, and the Outer Banks of North 
Carolina. For hurricanes and major hurricanes (category 3 or stronger), the obvious hot spot was 
south Florida, with other individual locations, such as Boothville, Louisiana and Cape Hatteras, 
North Carolina experiencing shorter hurricane and major hurricane return periods relative to 
adjacent communities. Keim et al. (2007) updated this study to include the hyperactive 2004 and 
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2005 Atlantic Hurricane Season and increasing the spatial domain to include the entirety of the 




as earlier studies, while also acknowledging the temporal patterns of strikes. For example, they 
found spatial variation in activity, such as south Florida from the 1920s to the 1950s and the 
North Carolina Outer Banks during the 1950s and 1990s. In addition, active and inactive periods 
for TC strikes may be a result of warm (positive) sea surface temperature (SST) anomalies from 
the Atlantic Multidecadal Oscillation, according to the authors. Methodology similar to Keim et 
al. (2007) was repeated by Andrews (2007) in her study of the spatial and temporal 
characteristics of TC strikes in Caribbean, as well as by Li and Duan (2010) for coastal China. 
2.3. Data and Methods 
 Fifty-eight locations are selected for analysis in this study, fifty-two on the American 
Pacific Coast and six in Hawaii (Figures 2a-d). The Pacific Coastal locations were bound by 
Figure 1. Tropical cyclone strike model with wind swaths based on if the storm is a major 
hurricane, hurricane, or tropical storm on the SSHWS, where the area represents the direction 




11°N and 34°N, which covers the range of known TC landfalls in the HURDAT era (Farfán et al. 
2013). Locations represent the broad diversity of community size and economic activity along 
the coast. Some locations are famous Mexican Riviera resort cities, such as Puerto Vallarta and 
Acapulco, while others are larger, economic centers for the region, such as Guaymas and La Paz. 
Smaller locations include small tourism centers and regionally important ports, such as 
Manzanillo and Puerto Peñasco, and small communities on the coast nearby larger, inland 






Figure 2. Study area map with locations: along the American Pacific Coastline between San 
Diego, California, USA and Las Peñitas, León, Nicaragua, Islas Guadalupe and Socorro in the 
Northeastern Pacific Ocean, and in Hawaii in the Central Pacific Ocean. Numbering of 





 Location Name Nearby City   Location Name Nearby City 
1 Isla Guadalupe, B.C.   30 Isla Socorro, Col. Ixtapa 
2 San Diego, CA Tijuana, 
B.C. 
31 Caleta de Campos, 
Mich. 
  
3 Ensenada, B.C.   32 Lázaro Cárdenas, Mich. Marquelia 
4 Nueva Odisea, B.C.   33 Zihuatenejo, Gro.   
5 Bahía Tortugas, B.C.S.   34 Acapulco, Gro.   
6 Punta Abreojos, B.C.S.   35 La Bocana, Gro.   
7 San Juanico, B.C.S.   36 Cerro Hermoso, Oax.   
8 Puerto San Carlos, 
B.C.S. 
  37 Puerto Escondido, Oax.   
9 San José del Cabo, 
B.C.S. 
  38 Puerto Ángel, Oax.   
10 La Paz, B.C.S.   39 Salina Cruz, Oax.  
11 Loreto, B.C.S.   40 Puerto Arista, Chis  
12 Santa Rosalía, B.C.S.   41 Puerto Chiapas, Chis Tapachula 
13 Bahía de los Ángeles, 
B.C. 
  42 Champerico, RE Retalhuleu 
14 San Felipe, B.C. Mexicali 43 Sipacate, ES  
15 Golfo de Santa Clara, 
Son. 
  44 Puerto San José, ES  
16 Puerto Peñasco, Son.   45 Monterrico, SR  
17 Puerto Libertad, Son. Hermosillo 46 Acajutla, SO Sonsonate 
18 Bahía Kino, Son.  47 La Libertad, LI San Salvador 
19 Guaymas, Son.  48 El Jaguey, UN  
20 Parédon Colorado, Son. Ciudad 
Obregón 
49 Amapla, VA  
21 Topolobampo, Sin. Los Mochis 50 Mechapa, CI  
22 Altata, Sin. Tepic 51 Corinto, CI Chinandega 
23 Mazatlán, Sin.   52 La Peñitas, LE León 
24 Playa Novillero, Nay.   53 Lihue, HI  
25 San Blas, Nay.   54 Honolulu, HI  
26 Puerto Vallarta, Jal.   55 Kaunakakai, HI  
27 Tehualmixtle, Jal.   56 Kahului, HI  
28 Costa Careyes, Jal.   57 Hilo, HI  
29 Manzanillo, Col.   58 Kailua-Kona, HI  
Table 2. List of locations utilized in this study along the American Pacific coastline and in the 
Northeastern and Central Pacific Oceans. Locations 1 and 3-41 are in Mexico, locations 2 and 
53-58 are in the United States, locations 42-45 are in Guatemala, locations 46-48 are in El 
Salvador, location 49 is in Honduras, and locations 50-52 are in Nicaragua. 
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 Tropical cyclone center track data are taken from the National Hurricane Center 
HURDAT2 “Best Track” dataset for the Northeastern and Central Pacific (Landsea et al. 2016). 
While these data extend back to 1949, data problems for the basin’s data pre-satellite era are 
notable and well explained (Blake et al. 2009). Therefore, for the purposes of this thesis, these 
data are truncated at 1966, the beginning of consistent geostationary satellite imagery over the 
basin (Blake et al. 2009). This year is also the first year used for climatology for seasonal 
summaries post-satellite era and used as a start year in Romero-Vadillo et al.’s (2007) study of 
tracks in the NE Pac basin (Denney 1969). The end year, 2017, is chosen as the 2018 data are not 
available as of the time of this thesis (Landsea et al. 2016). Therefore, there are fifty-two years of 
track data. In addition, the Atlantic Hurricane Fifi (1974) is also included, as its best track 
extended into the NE Pac basin before merging with Hurricane Orlene.  
 HURDAT2 data report observations of a TC’s center, estimated maximum sustained 
winds, and for later storms, minimum sea level pressure, and wind radii, at six hour observations 
(0, 6, 12, and 18 UTC) and, for later storms, landfall times. In addition, some additional storms 
also have additional entries with information about the storm at its peak intensity (Landsea et al. 
2016). To better understand how a storm may strengthen or weaken in between these 
observations, an interpolation regime developed by Elsner and Jagger (2013) is utilized to yield 
hourly center positions, maximum winds, and minimum pressure. These data are then imported 
in ArcGIS and then each storm’s track is digitized based on the points. A TC size model (Figure 
1, p.12), also used in Muller and Stone (2001), Keim et al. (2007), and Andrews (2007) is 
applied using the “buffer” tool in ArcGIS, based on the intensity of each hourly observation. 
This model takes into account three attributes of TCs: 1.) generally stronger storms are larger, 2.) 
the right side of the storm based on the direction of motion is generally more intense, and 3.) that 
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maximum sustained winds in a TC tend to decrease as one moves away from the center (Muller 
and Stone 2001). If the buffer for a tropical storm (TS), hurricane (HU), or major hurricane 
(MH) strike passed over the location, it counted as that type of strike at the location. A storm 
could only yield a strike on a location once. Each strike is tallied (Appendix A) and a time series 
of strikes is constructed.  
 Three return periods are calculated for each location: TC, hurricane, and major hurricane. 
They are computed with the following formulas: 
𝑅𝑃 𝑇𝐶 =
52










 Lastly, a tropical hazard index (THI) is calculated. It is calculated by assigning two points 
to a TS strike, four points to a HU strike, and eight points to a MH strike. Coined by Keim et al. 
(2007), the THI takes into account how the destructive potential of TC tends to cube with 
increased intensity.  
𝑇𝐻𝐼 = (𝐶𝑜𝑢𝑛𝑡 𝑇𝑆 𝑆𝑡𝑟𝑖𝑘𝑒𝑠)(2) + (𝐶𝑜𝑢𝑛𝑡 𝐻𝑈 𝑆𝑡𝑟𝑖𝑘𝑒𝑠)(4) + (𝐶𝑜𝑢𝑛𝑡 𝑀𝐻 𝑆𝑡𝑟𝑖𝑘𝑒𝑠)(8) 
2.4. Results and Discussion 
 There were 858 total TCs of TS intensity or stronger from 1966 to 2017 in the basin 
(including Hurricane Fifi). Two hundred and nineteen struck at least one of the locations 
(~25.5%). Of those, only eight TCs did not strike a location in Mexico (Iwa- 1982, Iniki- 1992, 
Alma- 2008, Agatha- 2010, Iselle- 2014, Ana- 2014, Darby- 2016, and Selma- 2017). Strikes 
were recorded during fifty-one of fifty-two years; the lone year without a TC strike was 1980 
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which was described as “relatively uneventful” with no damage or casualties on shore or to ships 
(Gunther 1981).  
 Three of the storms (John- 2006, Katrina- 1967, and Joan-Miriam-1988) struck more than 
ten locations. Table 3 illustrates the total number of strikes on each location. Isla Socorro had 84 
strikes- far and away the greatest number of strikes. Six other locations (San José del Cabo, 
Costa Careyes, Manzanillo, Caleta de Campos, Lázaro Cárdenas, and La Paz) had over twenty 
strikes. The location with the highest number of strikes in Central America was Champerico, 
Guatemala (five), while Lihue had the highest number of strikes in Hawaii (four).  
 Appendix A lists each locations’ strikes by storm in chronological order, along with maps 
of the tracks for each locations. Each strike is plotted on a time series (Figure 3), with time (in 
years) on the y-axis and space/geography on the x-axis. From this time series, we can see notable 
patterns in NE Pac and C Pac TC strike variability. Most notably, we see three “hot spots” on 
strikes- southern Baja California Sur (locations 7-12), southwestern Mexico between Costa 
Careyes and Zihuatenejo (locations 28-29 and 31-33), and Isla Socorro (location 30). Despite 
these regions’ high levels of activity, there are temporal trends of note. One example is the 
higher count of TC strikes on southern Baja California Sur since 2000. While the region, 
particularly San José del Cabo and La Paz, has activity throughout the period of record, TC 
strikes have become much more of a regular occurrence, occurring almost yearly since 2005 with 
strikes from such storms as Hurricane Odile (2014), Hurricane Newton (2016) and TS Lidia 
(2017). Interestingly, the active period observed for southern Baja California Sur has also 









  Location Name Strikes   Location Name Strikes 
1 Isla Guadalupe, B.C. 1 30 Isla Socorro, Col. 85 
2 San Diego, CA 0 31 Caleta de Campos, Mich. 26 
3 Ensenada, B.C. 0 32 Lázaro Cárdenas, Mich. 25 
4 Nueva Odisea, B.C. 1 33 Zihuatenejo, Gro. 19 
5 Bahía Tortugas, B.C.S. 5 34 Acapulco, Gro. 14 
6 Punta Abreojos, B.C.S. 9 35 La Bocana, Gro. 10 
7 San Juanico, B.C.S. 11 36 Cerro Hermoso, Oax. 6 
8 Puerto San Carlos, B.C.S. 14 37 Puerto Escondido, Oax. 8 
9 San José del Cabo, B.C.S. 28 38 Puerto Ángel, Oax. 9 
10 La Paz, B.C.S. 22 39 Salina Cruz, Oax. 3 
11 Loreto, B.C.S. 10 40 Puerto Arista, Chis 4 
12 Santa Rosalía, B.C.S. 9 41 Puerto Chiapas, Chis 4 
13 Bahía de los Ángeles, B.C. 3 42 Champerico, RE 5 
14 San Felipe, B.C. 2 43 Sipacate, ES 3 
15 Golfo de Santa Clara, Son. 2 44 Puerto San José, ES 1 
16 Puerto Peñasco, Son. 1 45 Monterrico, SR 1 
17 Puerto Libertad, Son. 1 46 Acajutla, SO 2 
18 Bahía Kino, Son. 4 47 La Libertad, LI 3 
19 Guaymas, Son. 3 48 El Jaguey, UN 2 
20 Parédon Colorado, Son. 6 49 Amapala, VA 1 
21 Topolobampo, Sin. 14 50 Mechapa, CI 3 
22 Altata, Sin. 12 51 Corinto, CI 3 
23 Mazatlán, Sin. 12 52 La Peñitas, LE 3 
24 Playa Novillero, Nay. 10 53 Lihue, HI 4 
25 San Blas, Nay. 9 54 Honolulu, HI 2 
26 Puerto Vallarta, Jal. 11 55 Kaunakakai, HI 0 
27 Tehualmixtle, Jal. 19 56 Kahului, HI 0 
28 Costa Careyes, Jal. 27 57 Hilo, HI 2 
29 Manzanillo, Col. 26 58 Kailua-Kona, HI 2 
Table 3. Summary of the count of tropical cyclone strikes on the American Pacific Coastline 
and Hawaii. Locations 1 and 3-41 are in Mexico, locations 2 and 53-58 are in the United 
States, locations 42-45 are in Guatemala, locations 45-48 are in El Salvador, location 49 is in 
Honduras, and locations 50-52 are in Nicaragua. 
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Figure 3. Time-space continuum of tropical cyclone strikes along the American Pacific Coastline. A green square is a tropical 
storm strike, a yellow box is a hurricane strike, and a red bar is a major hurricane strike. 
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 On the other hand, southwestern Mexico was relatively active during the first ten years of 
the period of record, before being quieter from 1980 to 2000. Since then, almost every year had a 
TC strike on a location within the region, with the notable strikes coming from Hurricane John 
(2006), Hurricane Jova (2011), and Hurricane Patricia (2015). Lastly, Isla Socorro also had an 
interesting temporal pattern. During the early and later parts of the period of record (1966-1979 
and 2001-2017), Isla Socorro was less active. From 1980-2000, the island experienced a more 
active period for TC strikes. One year, 1990, yielded five strikes on the island: a MH strike from 
Hurricane Iselle, two HU strikes from Hurricanes Elida and Genevieve, and two TS strikes from 
Hurricanes Fausto and Trudy. Aside from Isla Socorro, years with more than two strikes on 
specific locations were uncommon, with only three examples. Manzanillo had four strikes in 
1971, while Lázaro Cárdenas and Zihuatenejo each had three strikes in 1996.  
 Four locations experienced zero strikes during the period of record: San Diego and 
Ensenada on the Pacific Coast and Kauanakakai and Kahului in Hawaii. Other quiet areas 
include: the Mexican states of Baja California, Sonora, and Chiapas, Central America, and 
Hawaii. 
 Major hurricane strikes were rare occurrences for the region, with most locations having 
zero or one MH strike. There are two exceptions: Mazatlán (three) and Isla Socorro (seven). 
Mazatlán’s strikes were from Olivia (1975), Tico (1983), and Lane (2006). Mazatlán seems to 
have a different amount of MH strikes as a result of its location on the coast. Further north in 
Sinaloa, Topolobampo and Altata were at risk of additional MH strikes but the storms weakened 
as the approached the region due to interaction with the terrain of Baja California, while 
locations to the southeast of Mazatlán in Nayarit are protected by the curvature of the coast, 
similar to how southeastern Georgia and northeastern Florida are at less risk than their adjacent 
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regions in the United States (Keim et al. 2007, Muller and Stone 2001). Had a location been 
selected between Altata and Mazatlán, the sharp decrease in return period would likely not be as 
evident. Isla Socorro’s strikes were from Maggie (1974), Norman (1978), Terry (1985), Iselle 
(1990), Darby (1992), Linda (1997), and Nora (1997). Interestingly, only one of these storms 
(Nora) also struck other locations in the study and all but one of these strikes came during the 
island’s active period for TC strikes. 
 The most active years for striking TCs in the basin were 1971 and 1996. In 1971, there 
were nine striking storms of the season’s eighteen, including Hurricane Bridget, one of the most 
devastating hurricanes to impact Acapulco which caused over forty million dollars (1971 USD) 
in damage to the city (Denney 1972). While 1996 had the greatest percentage of a season’s TCs 
strike (54.5% of the season’s 11 TCs), including Hurricane Fausto which was reported to disrupt 
the tourism industry and brought 4.5m waves to southern Baja California Sur (Mayfield and 
Rappaport 1998). As alluded to by the above two seasons, active seasons overall did not 
necessarily promote many strikes. For example, the 1992 season- the most active Pacific 
Hurricane Season on record, only had six striking storms (Hurricanes Lester, Virgil, and 
Winifred struck Mexico, Iniki struck Hawaii, and Hurricanes Darby and Tina struck Isla 
Socorro), despite the season having 27 TCs. While the 1986 season, with ten fewer TCs, also had 
six striking TCs (Hurricanes Agatha, Newton, Paine, and Roslyn struck Mexico, while 
Hurricanes Celia and Javier struck Isla Socorro).  
 The return period analysis reveals a similar spatial variation as the timeseries (Figures 4-
7). Overall TC return periods of three years or less are noted for southern Baja California Sur and 
southwestern Mexico between Tehualmixtle and Zihuatenejo. A secondary hot spot appears in 
this analysis on the state of Sinaloa with Topolobampo, Altata, and Mazatlán expected to 
22 
 
experience a TC strike once every four years. There is a similar a pattern for HU strikes, with a 
hurricane expected once every six or seven years for San José del Cabo, La Paz, and between 
Costa Careyes and Zihuatenejo. With aforementioned exceptions of Mazatlán and Isla Socorro, 
no location received more than one MH strike and therefore these locations are given a MH 
return period of 52 years (one strike) or 52+ years (no strike).  
 Isla Socorro’s return periods are of another level, with an all TC and HU return period of 
one year and an MH return period of seven years. Isla Socorro is located in the main 
development region of TCs for the NE Pac basin (Jien et al. 2015), and therefore a significant 
percentage of TCs in the region move very close to the island, giving it ample opportunities to 
receive TC strikes. In addition, its distance away from the mainland allows TCs to develop to 
high intensities and with generally low vertical wind shear and warm water TCs are able to 
maintain their intensity in close proximity to the island (Pálmen 1948), allowing a relatively high 
frequency of MH strikes and very high frequency of HU strikes 
 For Central America, no HU or MH strikes were recorded, and therefore a 52+ year 
return period is established. All TC return periods range from 10 years (Champerico, Guatemala) 
to 52 years (Puerto San José and Monterrico, Guatemala and Amapala, Honduras). Lihue, 
Hawaii was the only non-Mexican location to receive any HU and MH strikes (from Iwa- 1982 
and Iniki- 1992, respectively). All TC return periods on the Hawaiian Islands range from 13 
years for Lihue to 52+ years for Kaunakakai and Kahului, with Honolulu, Hilo, and Kailua-
Kona, on average, expected a strike once every 26 years.  





  Figure 4. Tropical cyclone (TC), Hurricane (HU), and Major Hurricane (MH) return period (in 
years) analysis for locations in California, Baja California, and Baja California. A return 








Figure 5. Tropical cyclone (TC), Hurricane (HU), and Major Hurricane (MH) return period (in years) analysis for locations in 











Figure 6. Tropical cyclone (TC), Hurricane (HU), and Major Hurricane (MH) return period (in 
years) analysis for locations in Central America. A return period of 52+ years indicates that 







   
Figure 7. Tropical cyclone (TC), Hurricane (HU), and Major Hurricane (MH) return period (in 
years) analysis for locations in Hawaii. A return period of 52+ years indicates that there zero 







Figure 8. Tropical Hazard Index (THI) analysis for locations in California, Baja California, and 


















 The range of THI values range from zero (locations with no strikes during the period of 
record) to 270 (Isla Socorro) (Figures 8-11). Unsurprisingly, the non-Isla Socorro locations with 
the highest THI were San José del Cabo (78), Manzanillo (72), and Costa Careyes (72), Lázaro 
Cárdenas (68), Zihuatenejo (68) and La Paz (62)- all located in the aforementioned “hot spots” of 
TC strikes. Beyond the “hot spots”, this analysis shows the significant drop off in TC activity in 
southeastern Mexico, with western Oaxaca (Cerro Hermoso, Puerto Escondido, and Puerto 
Ángel being significantly more active than the northern and eastern shorelines of the Gulf of 
Tehuantupec. Most other locations in Mexico had THI values between 20 and 60. Central 




American and Hawaiian THI values were ten or less, along with San Diego and locations in the 
Mexican states of Baja California, Sonora (except Parédon Colorado), and Chiapas.  
2.5. Conclusions 
 Using an average TC size model on interpolated HURDAT2 tracks for the NE Pac and C 
Pac basins between 1966 and 2017, TC strike “hot spot” locations were found in southern Baja 
California Sur, Isla Socorro, and the southwest Mexican coastline, with a secondary maxima 
found in the state of Sinaloa in northwestern Mexico. In general, the states of Baja California, 
Sonora, and Chiapas in Mexico, San Diego, and locations in Central America and Hawaii were 
generally at less risk during the period of record. The only non-Mexican HU or MH strikes both 
occurred on Lihue, Hawaii from Hurricanes Iwa and Iniki, respectively. Aside from Isla Socorro, 
MH strikes are uncommon on the American Pacific Coastline and Hawaii. No continental 
location, with the lone exception of Mazatlán, received more than one MH strike during the 
period of record.   
 Shorter return periods, as frequent as a TC strike every two years and an HU strike every 
six to seven years, are common along the “hot spot” coastlines along the Mexican Riviera, while 
a HU strike is expected each year and a MH strike is expected every seven years on Isla Socorro. 
Temporally, locations of Baja California Sur have become more active with time, correlating 
with less activity in Sinaloa and Nayarit recent years. Locations in southwestern Mexico and Isla 
Socorro, on the other hand, have had more decadal variability during the period of record. Since 
2010, southwestern Mexico is in a more active phase for TC strikes, while Isla Socorro is 
relatively quieter. The THI analysis also yielded similar results, which also clearly identified the 
drop-off in TC strike activity in southeastern Mexico around the Gulf of Tehuantupec and clearly 
identified the “hot spot” in southwestern Mexico. THI values along the Mexican coast ranged 
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from four and less in northern Sonora and Baja California, to over seventy in San José del Cabo 
and along southwestern Mexico.  
 Isla Socorro is uniquely at risk to TC strikes. Its location in the main development region 
in the basin makes this island uniquely vulnerable to TC strikes unlike any other populated place 
in Mexico. The island has a small population, including a Mexican military base with a weather 
station that often reports measurements to the National Hurricane Center (NHC) (see Kimberlain 
2015). However, the island is not included as a watch/warning breakpoint by the NHC or the 
Government of Mexico (https://www.nhc.noaa.gov/breakpoints) nor has it been used as an 
informal breakpoint in any TC advisories in recent years, unlike the Islas Marias which were 
included in watches/warnings during Hurricane Willa of 2018 
(https://www.nhc.noaa.gov/archive/2018/WILLA.shtml?). This is surprising as sparsely 
populated islands in the C Pac basin, west of Hawaii are included as watch/warning breakpoints 
(https://www.nhc.noaa.gov/breakpoints). Hopefully, this thesis will provide a call to include Isla 
Socorro in the NHC or the Mexican Government to include the Island in their TC watches and 
warnings. 
 Using the empirical approach to TC strike return periods does leave a level of 
uncertainty, particularly for the more extreme events (such as major hurricanes) as these types of 
events are uncommon (Trepanier and Scheitlin 2014). This does mean there is some limitation in 
the MH return periods, especially considering the addition of one MH strike to any of the 
locations would lead to a significant reduction in the return period. For example, if Manzanillo 
had been given a MH strike from a second hurricane in the period of record, its MH return period 
would reduce from 52 years to 26 years.  
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 These results provide critical information to coastal planners, emergency managers, and 
businesses in the region in understanding how the TC risk to these location has changed with 
time over the past fifty-two years. In addition, future studies of TC activity in the NE Pac and C 





Chapter 3. Influences of Atmospheric Oscillations on TC Strikes/Tracks along 
the Mexican Riviera 
 
3.1. Introduction 
 Numerous atmospheric oscillations impact the intrannual and interannual variability of 
extreme weather phenomena, including tropical cyclones (TCs). Intrannual variability of events 
can be a result of teleconnections such as the Madden-Julian Oscillation (MJO). Variability on 
longer scales can be the result of the multiannual teleconnections such as the El Niño-Southern 
Oscillation (ENSO) and the Quasi-Biennial Oscillation (QBO), or decadal oscillations such as 
the Pacific Decadal Oscillation (PDO) or the Atlantic Multidecadal Oscillation (AMO). 
 This study attempts to understand how these different teleconnections promote TC 
tracking along the west coast of Mexico- the Mexican Riviera. If we can better understand which 
oscillation patterns promote TC tracks near the coastline, it can help emergency managers and 
coastal planners better prepare for TC impacts in western and southern Mexico. This study builds 
upon the work by Collins and Mason (2000), Raga et al. (2013), Gutzler et al. (2013), Martinez-
Sanchez and Cavazos (2014), and others who have investigated the variety of atmospheric and 
environmental conditions that could support increased or decreased TC activity in the 
Northeastern Pacific (NE Pac) basin, and building upon oscillation-specific work performed by 
Irwin and Davis (1999), Maloney and Hartmann (2000), Carmargo and Sobel (2010), Jien et al. 
(2015), and others. 
 Specifically the objectives of this study are to: 
- Analyze if ENSO, QBO, PDO, and AMO influence the count of a season’s storms that 
either track close to the coast of Mexico or strike Mexico. 
- Analyze if ENSO, QBO, PDO, and AMO influence the percentage of a season’s storms 




 Some of the aforementioned oscillations and their impacts on TC activity are relatively 
well understood in various basins around the world, while others have been explored less 
intensively. ENSO, the El Niño-Southern Oscillation, is a complex atmospheric event with a 
period of about one to two years, characterized by modification of the Walker Circulation in the 
tropical atmosphere and adjustments in sea surface temperatures (SSTs) and surface pressure in 
the tropical Pacific Ocean (Yarnal and Kiladis 1987). During El Niño (EN) conditions, SSTs 
over the tropical Pacific have warm anomalies, while during La Niña (LN) conditions cool 
anomalies are present over the same region. The “SO” component of this teleconnection comes 
from the “large-scale seesaw of atmospheric mass between the tropical eastern and western 
Pacific” yielding an oscillation of surface pressure and other variables, as well as precipitation 
patterns throughout the world (Yarnal and Kiladis 1987, p.524).   
 The effects of ENSO in the NE Pac are not well understood. Irwin and Davis (1999) 
found that during TC origins and tracks between LN and EN seasons were not significantly 
different, but that during strong EN events, the TC tracks are displaced to the WSW and are 
more likely to come closer to Hawaii. This is in agreement with work by Chu and Wang (1997). 
In addition, Irwin and Davis (1999) found that storms counts in the NE Pac do not significantly 
change but rather during LN seasons storms remain closer to the Mexican coastline. On the other 
hand, Farfán et al. (2013) found that five of the most impactful hurricanes (by affected 
population) in Mexico between 1970 and 2010 (Pauline- 1997, Liza- 1976, Lane- 2006, Jimena- 
2009, and Paul- 1982) along with ten of the twenty-five of the wettest TCs (by maximum rainfall 
accumulation) were during EN seasons, leading to their conclusion that during LN “there is a 
tendency for less TC-related disasters to occur than during El Niño or neutral years” (p.178).  
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Raga et al. (2013) found that neutral years led to the greatest number of landfalls while the count 
of landfalls per year were not significantly different between EN and LN years. The following 
year, Martinez-Sanchez and Cavazos (2014) found that neutral and EN years had a slight 
increase in the number of landfalling hurricanes when compared to LN years and specifically 
found that some of the less frequently struck states, such as Oaxaca, only experienced hurricane 
landfalls during EN or neutral years. In addition, they found that ACE (accumulated cyclone 
energy) for category 1-3 hurricanes, on average, was higher during LN years, while ACE for 
category 4-5 hurricanes was significantly higher for EN years. Gutzler et al. (2013) found that 
during LN seasons there are more storms affecting the coast in the early season (May-July) than 
during EN seasons. In addition, they found using composite analyses that during LN seasons’ 
off-equatorial circulation anomalies in the Pacific steer TCs toward the Mexican coastline, while 
during EN seasons the anomalies steer them away from the coast, which is in direct agreement 
with Irwin and Davis (1999). Lastly, Jein et al. (2015) and Collins and Mason (2000) found that 
ENSO and TC activity were statistically significantly correlated in the western portion of the 
basin, implying that there is limited modulation closer to the coastline.  
 The Quasi-Biennial Oscillation, QBO, is the oscillation of equatorial stratospheric winds 
above 100mb. The QBO is characterized by alternating periods of westerly and easterly winds 
that move lower in the stratosphere with time and then repeat. The name, quasi-biennial, comes 
from its period of about 28 months, or just over two years (Camargo and Sobel 2010).  
 Its influences on TC activity were first significantly discussed by Gray (1984), where he 
found that when 30mb equatorial winds are westerly or becoming more westerly, the Atlantic 
experienced 50-100% higher hurricane activity and argued that easterly QBO events had similar 
suppressing characteristics as EN conditions for the basin. However, Camargo and Sobel (2010) 
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found that the relationship outlined by Gray (1984) is no longer present when the data are 
extended past 1983. They argue that there may be an additional physical mechanism to alter the 
statistical relationship between QBO and TC activity in the Atlantic or that the lack of the 
relationship with the longer dataset may simply be a coincidence. However, they did find a 
statistically significant relation between QBO and TC activity in the Australian basin in the early 
record (1953-1982), as well as a relation throughout the period of record in the Central Pacific (C 
Pac). Although the authors note that in the C Pac, there is such a low number of hurricanes that 
there may be too many zeroes for the correlation to be meaningful.  
 In the NE Pac, Camargo and Sobel (2010) found there to be no statistically significant 
relationships in the basin. Collins and Mason (2000) also were unable to find a statistically 
significant relationship between QBO and NE Pac TC activity. These findings differ from 
Whitney and Hobgood (1997), who found that the basin had slightly fewer TCs when the QBO 
was in its westerly phase, but the TCs that developed were slightly more intense. The authors 
argue this may be due to reduced vertical wind shear (the increase in wind speed or change in 
direction with height) in the basin.  
 The Pacific Decadal Oscillation (PDO) is an oscillation of north Pacific SSTs and “has 
been described by some as a long-lived El Niño-like pattern of Pacific climate variability” 
(Mantua and Hare 2002, p. 35). Specifically, the PDO is long-term and largely continuous SST 
anomaly in the mid-latitude Pacific Ocean (north of 20°N and south of 65°N), between 120° and 
100°W (d’Orgeville and Peltier 2007). The PDO warm phase has been documented to yield 
lower sea level pressure values and varying levels of sea surface stress over the north Pacific, 
extending toward the Mexican coast (Mantua and Hare 2002).  
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 A few papers discussed impacts of the PDO on NE Pac TC activity. Raga et al. (2013) 
found a weak, but statistically significant positive correlation between landfalling hurricanes 
(between 1900 and 2010) and PDO. Diaz et al. (2007) found that during the positive phase of 
PDO (when in phase with ENSO) that TCs contributed more to northwestern Mexico’s annual 
precipitation than during the PDO negative phase. Collins and Mason (2000), however, found no 
statistically significant trends between PDO and TC activity in the basin.  
 Lastly, the Atlantic Multidecadal Oscillation (AMO) is a basin-scale interannual pattern 
of oceanic SST variability (d’Orgeville and Peltier 2007). Switching between a cold and warm 
phase in a period of 60-70 years, it has been noted in recent years to become a major factor in 
global and regional climate variability (Kerr 2000). It has had clear cold and warm phases since 
1900, including a warm period from 1930-1960, a cool period from 1970-1990, and now a time 
period of warming since the 1990s (Ting et al. 2009). The AMO has been documented to yield 
large variability in Atlantic TC activity, where during the positive or warm phase there were 
higher counts of TCs in the basin, while during the negative phase there were lower counts 
(Klotzbach and Gray 2008).  
 Regarding the possible influence of the AMO on TC activity in the NE Pac, Wang and 
Lee (2009) found that there was a reversed pattern of activity compared to the Atlantic, where 
during an AMO warm phase TC activity in the NE Pac is dampened, while the converse is true 
for the AMO cold phase. This pattern also correlates with the co-variability of activity between 
the basins where active seasons in the Atlantic tend to be inactive in the NE Pac, and vice-versa. 
They suggest that within the NE Pac basin, during the AMO warm phase, that upper level 
easterly wind anomaly-induced wind shear could contribute to the lack of activity.  Martinez-
Sanchez and Cavazos (2014) found that between 1979 and 2010, there were active (1979-1994) 
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and inactive phases (1995-2010) in hurricane frequency in the NE Pac, with a clear difference 
between counts, hurricane days, and ACE between phases for both category 1-3 hurricanes and 
category 4-5 hurricanes. However, there was limited difference between landfalling storm counts 
between the active and inactive phase. They note that the shift to an inactive phase “is coincident 
with the transition of the AMO to a warm phase in 1995 and the beginning of the active TC 
period” for the Atlantic, as described by Wang and Lee (2009) (Martinez-Sanchez and Cavazos 
2014 p. 225). 
 Beyond these four teleconnections, there are a variety of other teleconnections and 
atmospheric characteristics that have been found to modulate TC activity in the basin. These 
teleconnections and atmospheric characteristics include, but are not limited to: the Madden-
Julian Oscillation (Barnett and Leslie 2009, Maloney and Hartmann 2000, Collins and Mason 
2000), sea surface temperatures (Caron et al. 2015, Collins and Mason 2000, Whitney and 
Hobgood 1997), and Hadley circulation variability (Zhang and Wang 2015).  
3.3. Data and Methods 
 For this study, the geographic domain of this thesis is shifted. Rather than include the 
entirety of the American Pacific Coast and Hawaii, the domain contracts to only include storms 
that impacted Mexico (Figure 12). This is done for three reasons: 1) most of the storms that 
impacted Central America are crossover storms and thus their tracks are dictated by mechanisms 
of not only the NE Pac Ocean, but also the Atlantic, 2) most of the literature analyzing 
oscillation modulators on near coastal NE Pac TCs tend to focus solely on Mexico (Gutzler et al. 
2013, Raga et al. 2013, etc.), and 3) the mechanisms that would support impacts in Hawaii may 
counter what mechanisms would support impacts in Mexico (e.g. during EN seasons, storm 
tracks are displaced to the WSW- Irwin and Davis 1999). Considering that western Mexico is far 
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and away the most populated political entity in the region, as well as the most impacted region 
from TCs, it is the focus of this study.  
 Four oscillations are selected for use in this study: the El Niño-Southern Oscillation 
(ENSO), the Pacific Decadal Oscillation (PDO), Quasi-Biennial Oscillation (QBO), and the 
Atlantic Multidecadal Oscillation. For ENSO, this study uses the Oceanic Niño Index (ONI) 
dataset from the National Oceanic and Atmospheric Administration Climate Prediction Center 
(CPC), which is a measurement of SSTs in the Niño3.4 region (5°N-5°S, 120°-170°W) 
(http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php). This 
particular dataset uses a three month running mean to determine an ONI value. These data extend 
back to 1950, allowing an analysis to be performed using the full track dataset from 1966 
through 2017. (Appendix B). 
 For the PDO, data are taken from the NCEI’s archive of NCEI’s PDO index, derived 
from the reconstructed SST data. PDO is positive when the coastal Pacific waters are 
anomalously warm in the interior Pacific, while negative if the converse is found. Data are 
available back to January of 1854 (https://www.ncdc.noaa.gov/teleconnections/pdo/data.csv), 
therefore allowing an analysis to be performed with the entire track dataset (Appendix B). 
 QBO data from the Climate Prediction Center (CPC) are utilized. Specifically, this study 
uses the standardized QBO.U30.Index 
(http://www.cpc.ncep.noaa.gov/data/indices/qbo.u30.index) which is derived from 30 mb 
stratospheric winds, where positive anomalies are easterly winds and negative anomalies are 
westerly winds. While QBO index data are available from the CPC at 50 mb and other sources at 
other levels in the stratosphere, the 30 mb level is selected as it was the level used in Gray (1984) 
and is somewhat centrally located in the stratosphere. However, these data extend only back to 
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1979 and therefore my analysis will begin with that year. This shortens the period of record from 
52 years to 39 years for this portion of the analysis (Appendix B).  
 AMO data from the NOAA Earth Systems Research Lab, Physical Science Division are 
utilized in this study. The specific dataset used is the unsmoothed, short length dataset. These 
data extend back to back to the 1856 and are a detrended weighted average, based off the Kaplan 
SST dataset for the North Atlantic Ocean, between 0°N to 70°N (Appendix B). In these data, a 
negative index implies the cold phase conditions, while a positive index implies warm phase. 
These data are available at https://www.esrl.noaa.gov/psd/data/timeseries/AMO. 
 For each oscillation, a hurricane season average (HSAvg) is computed. For ENSO, it will 
be the unweighted mean of the MJJ, JJA, JAS, ASO, SON ONI values, while for QBO, AMO 
and PDO the HS Avg will be the unweighted mean May, June, July, August, September, 
October, and November indices. In addition to looking at the HS Avg for each oscillation, I will 
also work with individual month indices for QBO, AMO, and PDO, as well as each three month 
rolling average for ENSO. 
 Six datasets are utilized. All six are derived from the tracks utilized in the first study. The 
first dataset is an annual tally of the number of storms that yielded at least one strike of any type 
(TS, HU, or MH) on any location in Mexico based on the TC strike model from Keim et al. 
(2007) (locations 1, 3-41, Table 2- p.14, Figure 1- p. 12). A TC that struck eleven locations (such 
as 1967’s Hurricane Katrina) is counted the same as a TC that only struck one location (such as 
2014’s TS Trudy). The second dataset is simply the percentage of each season’s storms in the 
NE Pac/C Pac Hurricane Database (plus Hurricane Fifi in 1974) that struck Mexico. These two 
datasets will be referred to as “striking_count” and “striking_per”, respectively, hereafter 
(Appendix B).  
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 The third dataset will consist of all storms that moved within 185.2 kilometers (100 
nautical miles) of any of the locations in Mexico as a TS or stronger, including Islas Socorro and 
Guadalupe (Figure 6). One hundred nautical miles (nm) is selected as it is less than the 200 
nautical miles used by Serra (1971) to account for improvements on satellite imagery and 
analysis, but larger than what the Keim et al. (2007) and Muller and Stone (2001) strike model 
provides for weaker systems. This analysis does not consider the intensity of the storm (as long 
as it is a TS or stronger), and, instead, looks at seasonal variability of TC activity, so the 100nm 
distance in reasonable. The fourth dataset uses the above information and in a similar vein as 
striking_per, calculates the percent of each season’s storms that move within 100 nautical miles 
of the Mexican locations. Hereafter, these datasets will be referred to as “tracking_count” and 
“tracking_per”, respectively (Appendix B). 
 The fifth and sixth datasets are formed in a similar way as tracking_count and 
tracking_per, except that they exclude storms that only tracked within 100 nautical miles of Isla 
Socorro. Isla Socorro, part of the Revillagigedo Island chain about 600 kilometers off the coast 
of Mexico, is located within the main development region of the NE Pac basin (Jien et al. 2015). 
Therefore, a large number of storms that pass it are part of the significant percentage of storms 
that move form and move to the west (Romero-Vadillo et al. 2007), this yields a large number of 
storms that solely impact to the island. Due to its location and significant larger count of storms, 
removal of Isla Socorro-only systems may yield different result. Hereafter, these datasets will be 









 The following statistical tests will be run in the R Program for Statistical Computing 
(http://www.r-project.org). Before proceeding, each dataset is tested for normality using the 
Shapiro-Wilk normality test (Elsner and Jagger 2013, Shapiro and Wilk 1965). Results of the 
normality test will determine if Pearson’s Correlation Coefficent or Spearman’s Rank 
Correlation will be run for each dataset. If the correlation turns up statistically significant at the 
90% confidence level or higher, a linear model is created and checked for adequacy by checking 
the residuals of the model for normality, again using the Shapiro-Wilk normality test. In 
addition, a Poisson regression, typically used with count data and tropical cyclones (Elsner and 
Figure 12. Study area map with locations along the western and southern coasts of Mexico and 
Islas Guadalupe and Socorro identified and outlined with a 185.2 kilometer (100 nautical mile) 
buffer. Tropical cyclones that passed within at least one of these buffers are used in the 
tracking_count and tracking_per datasets and tropical cyclones that passed within at least one of 
these buffers other than Isla Socorro’s (located the south-southwest of the tip of Baja California 
Sur) are used in the tracknoIS_count and tracknoIS_per datasets. 
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Jagger 2013, Raga et al. 2013) will also be run with analyses with the striking_count, 
tracking_count, and tracknoIS_count datasets. Since the Poisson regression cannot be run with 
decimal percents, it will not be used in analysis of striking_per, tracking_per, and tracknoIS_per. 
In addition to the correlation tests and associated models, descriptive statistics and extremes will 
also be discussed. 
3.4. Results and Discussion 
 Results of the Shapiro-Wilk Normality test are found in Tables 4 and 5. All of the 
track/strike datasets (striking_count, striking_per, tracking_count, tracking_per, 
tracknoIS_count, and tracknoIS_per) are normally distributed. In addition, all of the ENSO 
datasets, the HSAvg and each of the three month rolling averages, were also normally 
distributed. For the QBO datasets, only the January and February monthly indices were normally 
distributed, while the remainder of the months and the HSAvg were not normally distributed. 
None of the PDO data were normally distributed. In addition, the track/strike datasets remained 
normally distributed when truncated to 1979. These results allow for the use of Pearson’s 
Correlation Coefficient when analyzing the correlations between the track/strike datasets and 
ENSO, while using Spearman’s Rank Correlation when analyzing the correlations between the 
track/strike datasets and PDO. Even though January and February’s QBO index data are 
normally distributed, for consistency, the Spearman Rank Correlation will be used for all months 
and the QBO HS Avg. Like QBO, the datasets for AMO were mixed as well, with the HSAvg 
and every month but October having normally distributed values. Therefore, for the purpose of 
consistency, the Spearman’s Rank Correlation will be used for all analysis with AMO.  
 The most active years in the striking_count and striking_per datasets are 1971 (nine 
striking TCs) and 1996 (54.5 percent), respectively, as identified in the first study, and the least 
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active in both datasets was 1980 (zero striking TCs and zero percent). In the tracking_count 
dataset, the most active year was 2014, with twelve TCs, while the least active years were 1980, 
1982, 1994, and 1999 with three TCs, each. In the tracking_per dataset, 1995 had the greatest 
percentage of TCs tracking within 100 nautical miles of Mexico (70.0 percent), while the lowest 
percentage came in 1982 (13.0 percent). In the tracknoIS_count dataset, the most active year was 
2017 with seven TCs, while the least active years were 1980 and 1982 with zero TCs. Lastly, in 
the tracknoIS_per dataset, 1996 had the highest percentage (45.5 percent) while the 









striking_count 1966-2017 0.071 Yes 
striking_per 1966-2017 0.199 Yes 
tracking_count 1966-2017 0.079 Yes 
tracking_per 1966-2017 0.899 Yes 
tracknoIS_count 1966-2017 0.020 No 
tracknoIS_per 1966-2017 0.625 Yes 
striking_count 1979-2017 0.098 Yes 
striking_per 1979-2017 0.416 Yes 
tracking_count 1979-2017 0.093 Yes 
tracking_per 1979-2017 0.917 Yes 
tracknoIS_count 1979-2017 0.023 No 






Table 4. Results of the Shapiro-Wilk Normality test on the striking and tracking datasets for the 
periods of record used in the this study. 
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Oscillation Dataset p-value Normally 
distributed? 
Oscillation Dataset p-value Normally 
distributed? 
ENSO HS Avg 0.190 Yes QBO HS Avg 0.005 No 
ENSO DJF 0.241 Yes QBO January 0.174 Yes 
ENSO JFM 0.199 Yes QBO February 0.093 Yes 
ENSO FMA 0.139 Yes QBO March 0.007 No 
ENSO MAM 0.196 Yes QBO April 0.001 No 
ENSO AMJ 0.218 Yes QBO May 0.001 No 
ENSO MJJ 0.782 Yes QBO June 0.004 No 
ENSO JJA 0.295 Yes QBO July 0.005 No 
ENSO JAS 0.124 Yes QBO August 0.001 No 
ENSO ASO 0.161 Yes QBO September 0.001 No 
ENSO SON 0.211 Yes QBO October 0.001 No 
ENSO OND 0.166 Yes QBO November 0.011 No 
ENSO NDJ 0.225 Yes QBO December 0.004 No 
PDO HS Avg 0.017 No AMO HS Avg 0.233 Yes 
PDO May 0.021 No AMO January 0.102 Yes 
PDO June 0.043 No AMO February 0.601 Yes 
PDO July 0.001 No AMO March 0.701 Yes 
PDO August 0.037 No AMO April 0.797 Yes 
PDO September 0.024 No AMO May 0.719 Yes 
PDO October 0.020 No AMO June 0.718 Yes 
PDO November 0.025 No AMO July 0.202 Yes 
    AMO August 0.157 Yes 
    AMO September 0.118 Yes 
    AMO October 0.026 No 
    AMO November 0.268 Yes 
    AMO December 0.187 Yes 
Table 5. Results of the Shapiro-Wilk Normality test on the oscillation datasets. Period of record for ENSO, AMO, and PDO is 
1966-2017 and for QBO is 1979-2017. 
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 The average number of striking TCs per year is 4.1 and the average percentage of TCs 
per year that struck Mexico is 25.5 percent. The average number of TCs that tracked with 100 
nautical miles of Mexico (based on the track_count dataset) is 6.4 TCs, while the average 
percentage was 40.4 percent. Lastly, based on the tracknoIS_count dataset, the average number 
of TCs to track within 100 nautical miles of Mexico is 3.0 TCs, while based on the 
tracknoIS_per dataset, the average percentage was 19.0 percent.  
 Table 6 shows results of the Pearson’s Correlation Coefficient Test/Spearman’s Rank 
Correlation for each teleconnection dataset with striking_count. For ENSO, the only statistically 
significant correlations (at the 90% confidence level) are found with the DJF and JFM showing a 
negative correlation. When a linear model (Figure 13) is created for these two relations, the 
models’ p-values were statistically significant (again at the 90% confidence level) and the 
models are deemed adequate when the Shapiro-Wilkes normality test is run on the models’ 
residuals. There were no statistically significant correlations between the PDO and the count of 
striking storms for any months nor the HSAvg. There were also no statistically significant 
correlations with AMO and the striking_count dataset. Lastly, there were two months of QBO 
indices that yielded statistically significant correlations (at the 90% confidence level): May and 
June, however when a linear model was created for both of them and checked for adequacy, the 
models were not deemed adequate. Running a Poisson model for each teleconnection led to zero 
statistically significant models (Table 7). Interestingly, the teleconnection indices that were 
statistically significant with Pearson or Spearman correlation did produce the lowest p-values for 
the Poisson models, albeit none statistically significant with the smallest p-value being the JFM 









Cor. Test Results Model Results 
Cor. p-value Model p-value Adequate? 
ENSO HS Avg P -0.098 0.489       
ENSO DJF P -0.238 0.089 y = 4.06-0.367x 0.089 Yes 
ENSO JFM P -0.256 0.066 y = 4.06-0.463x 0.067 Yes 
ENSO FMA P -0.224 0.111       
ENSO MAM P -0.194 0.168       
ENSO AMJ P -0.157 0.268       
ENSO MJJ P -0.126 0.373       
ENSO JJA P -0.110 0.438       
ENSO JAS P -0.079 0.580       
ENSO ASO P -0.084 0.556       
ENSO SON P -0.101 0.477       
ENSO OND P -0.108 0.445       
ENSO NDJ P -0.083 0.561       
PDO HS Avg S 0.168 0.234       
PDO May S 0.109 0.444       
PDO Jun. S 0.192 0.174       
PDO Jul. S 0.131 0.355       
PDO Aug. S 0.049 0.731       
PDO Sep. S 0.180 0.202       
PDO Oct. S 0.107 0.450       
PDO Nov. S 0.036 0.802       
QBO HS Avg S 0.102 0.538       
QBO Jan. S 0.124 0.453       
QBO Feb. S 0.146 0.374       
QBO Mar. S 0.221 0.176       
QBO Apr. S 0.206 0.208       
QBO May S 0.273 0.093 y = 4.02+0.414x 0.093 No 
QBO Jun. S 0.292 0.071 y = 4.01+0.359x 0.125 No 
QBO Jul. S 0.212 0.195       
QBO Aug. S 0.102 0.538       
QBO Sep. S 0.045 0.786       
QBO Oct. S -0.041 0.803       
QBO Nov. S -0.099 0.548       
QBO Dec. S -0.048 0.773       
AMO HS Avg S -0.061 0.669       
AMO Jan. S -0.774 0.586       
AMO Feb. S -0.049 0.732       
AMO Mar. S -0.121 0.392       
AMO Apr. S -0.093 0.514       
AMO May S -0.056 0.692       
AMO Jun. S -0.146 0.303       
AMO Jul. S -0.107 0.450       
AMO Aug. S -0.084 0.555       
“(Table 6 cont’d)” 
Table 6. Results of the correlation (Cor.) tests (Pearson’s Product-Moment Correlation-P and 







Cor. Test Results Model Results 
Cor. p-value Model p-value Adequate? 
AMO Sep. S -0.022 0.876    
AMO Oct. S 0.006 0.968       
AMO Nov. S -0.049 0.729       




 Table 7 presents results of the Pearson’s Correlation Coefficient Test/Spearman’s Rank 
Correlation for each teleconnection dataset with striking_per. For ENSO, there were multiple 
statistically significant correlations, all showing negative correlation with the ENSO index and 
the percentage of a season’s storms that struck Mexico. First, the correlation with ENSO HSAvg 
was statistically significant at 95% confidence level, along with the correlations with MJJ, JJA, 
JAS, ASO, SON, OND, NDJ ENSO indices, while the correlation with the AMJ ENSO index 
was statistically significant at the 90% confidence level. In addition, linear models created all 
were statistically significant and deemed adequate (Figure 14). Like with the striking_count 
dataset, there were no statistically significant relationships with PDO indices. There were also no 
statistically significant correlations with AMO and the striking_per dataset. Lastly, there were 
a. b. 
Figure 7. Plots of the DJF (a) and JFM (b) ENSO indices versus the striking_count datasets with 




four months’ QBO indices that had statistically significant correlations (at the 90% confidence 
level) with the striking_per dataset: March (positive), April (positive), May (positive), and 
November (negative). However, when a linear model was created for each of these, the model’s 
p-values were all greater than 0.1, indicating that while the Spearman Rank Correlation was 
statistically significant, the model is not. In any case, models were checked for adequacy and 
successfully showcase adequacy. This means that the model is correct but QBO is simply an 




Model p-value Adequate? 
ENSO HS Avg y = 1.40-0.06x 0.555  
ENSO DJF y = 1.40-0.09x 0.152  
ENSO JFM y = 1.40-0.12x 0.123  
ENSO FMA y = 1.40-0.13x 0.179  
ENSO MAM y = 1.40-0.14x 0.244  
ENSO AMJ y = 1.40-0.12x 0.346  
ENSO MJJ y = 1.40-0.09x 0.448  
ENSO JJA y = 1.40-0.07x 0.508  
ENSO JAS y = 1.40-0.04x 0.636  
ENSO ASO y = 1.40-0.04x 0.615  
ENSO SON y = 1.40-0.04x 0.544  
ENSO OND y = 1.40-0.04x 0.515  
ENSO NDJ y = 1.40-0.04x 0.620  
PDO HS Avg y = 1.42+0.04x 0.701  
PDO May y = 1.41+0.13x 0.863  
PDO Jun. y = 1.42+0.05x 0.546  
PDO Jul. y = 1.40-0.002x 0.978  
PDO Aug. y = 1.41+0.02x 0.778  
PDO Sep. y = 1.44+0.06x 0.394  
PDO Oct. y = 1.41+0.02x 0.736  
PDO Nov. y = 1.40-0.004x 0.960  
QBO HS Avg y = 1.39+0.03x 0.658  
QBO Jan. y = 1.39+0.06x 0.550  
QBO Feb. y = 1.39+0.06x 0.538  
QBO Mar. y = 1.39+0.09x 0.347  
QBO Apr. y = 1.39+0.10x 0.261  
QBO May y = 1.39+0.10x 0.172  
“(Table 7 cont’d)” 
 





Model p-value Adequate? 
QBO Jun. y = 1.39+0.09x 0.212  
QBO Jul. y = 1.39+0.05x 0.426  
QBO Aug. y = 1.39+0.02 0.765  
QBO Sep. y = 1.39-0.003x 0.963  
QBO Oct. y = 1.39-0.02x 0.719  
QBO Nov. y = 1.39-0.03x 0.656  
QBO Dec. y = 1.39-0.04x 0.610  
AMO HS Avg y = 1.40-0.17x 0.561  
AMO Jan. y = 1.38-0.22x 0.583  
AMO Feb. y = 1.39-0.13x 0.730  
AMO Mar. y = 1.38-0.29x 0.410  
AMO Apr y = 1.38-0.35x 0.308  
AMO May y = 1.39-0.19x 0.542  
AMO Jun. y = 1.40-0.28x 0.325  
AMO Jul. y = 1.40-0.24x 0.391  
AMO Aug. y = 1.40-0.21x 0.425  
AMO Sep. y = 1.40-0.10x 0.728  
AMO Oct. y = 1.40+0.01x 0.976  
AMO Nov. y = 1.40-0.09x 0.786  








Cor. Test Results Model Results 
Cor. p-value Model p-value Adequate? 
ENSO HS Avg P -0.30 0.03 y = 25.49-4.41x 0.031 Yes 
ENSO DJF P -0.14 0.32       
ENSO JFM P -0.17 0.22       
ENSO FMA P -0.18 0.20       
ENSO MAM P -0.21 0.13       
ENSO AMJ P -0.26 0.06 y = 25.63-5.16x 0.059 Yes 
ENSO MJJ P -0.29 0.04 y = 25.60-5.56x 0.036 Yes 
ENSO JJA P -0.30 0.03 y = 25.53-5.05x 0.029 Yes 
ENSO JAS P -0.28 0.04 y = 25.46-4.11x 0.043 Yes 
ENSO ASO P -0.30 0.03 y = 25.46-3.75x 0.032 Yes 
ENSO SON P -0.31 0.02 y = 25.46-3.43x 0.025 Yes 
ENSO OND P -0.31 0.03 y = 25.44-3.08x 0.026 Yes 
ENSO NDJ P -0.30 0.03 y = 25.43-2.86x 0.033 Yes 
PDO HS Avg S -0.09 0.52       
PDO May S -0.05 0.72       
PDO Jun. S 0.05 0.75       
“(Table 8 cont’d)” 
 
 
Table 8. Results of the correlation (Cor.) tests (Pearson’s Product-Moment Correlation-P and 







Cor. Test Results Model Results 
Cor. p-value Model p-value Adequate? 
PDO Jul. S -0.06 0.67       
PDO Aug. S -0.19 0.17       
PDO Sep. S -0.11 0.45       
PDO Oct. S 0.11 0.45       
PDO Nov. S -0.14 0.32       
QBO HS Avg S 0.10 0.54       
QBO Jan. S 0.24 0.14       
QBO Feb. S 0.24 0.14       
QBO Mar. S 0.30 0.07 y = 25.10+3.33x 0.113 Yes 
QBO Apr. S 0.30 0.06 y = 25.11+2.95x 0.122 Yes 
QBO May S 0.31 0.06 y = 25.07+2.41x 0.165 Yes 
QBO Jun. S 0.22 0.18       
QBO Jul. S 0.16 0.34       
QBO Aug. S 0.01 0.96       
QBO Sep. S -0.10 0.53       
QBO Oct. S -0.21 0.20       
QBO Nov. S -0.28 0.09 y = 25.06-2.67x 0.121 Yes 
QBO Dec. S -0.24 0.14       
AMO HS Avg S 0.08 0.56       
AMO Jan. S 0.06 0.66       
AMO Feb. S 0.12 0.39       
AMO Mar. S 0.08 0.59       
AMO Apr. S 0.13 0.35       
AMO May S 0.14 0.33       
AMO Jun. S 0.04 0.77       
AMO Jul. S 0.04 0.78       
AMO Aug. S 0.08 0.57       
AMO Sep. S 0.10 0.49       
AMO Oct. S 0.08 0.59       
AMO Nov. S 0.07 0.63       











Figure 14. Plots of the HS Avg (a), AMJ (b), MJJ (c), JJA (d), JAS (e), ASO (f), SON (g), OND 
(h), and NDJ (i) ENSO indices versus the striking_per datasets with the linear models from Table 7  
plotted in red. 
 











 Table 9 presents the results of the Pearson’s Correlation Coefficient Test/Spearman’s 
Rank Correlation for each teleconnection dataset with tracking_count. For ENSO, PDO, and 
QBO, there were no statistically significant correlations between the teleconnections and the 
count of storms that tracked within 100 nautical miles of Mexico. Additionally, running a 


















Cor. Test Results 
Cor. p-value Cor. p-
value 
ENSO HS Avg P -0.011 0.941 QBO HS Avg S 0.021 0.900 
ENSO DJF P -0.171 0.225 QBO Jan. S 0.147 0.373 
ENSO JFM P -0.181 0.199 QBO Feb. S 0.181 0.270 
ENSO FMA P -0.132 0.350 QBO Mar. S 0.245 0.132 
ENSO MAM P -0.073 0.606 QBO Apr. S 0.183 0.264 
ENSO AMJ P 0.007 0.961 QBO May S 0.170 0.300 
ENSO MJJ P 0.029 0.839 QBO Jun. S 0.180 0.274 
ENSO JJA P 0.018 0.901 QBO Jul. S 0.106 0.522 
ENSO JAS P -0.016 0.912 QBO Aug. S 0.028 0.865 
ENSO ASO P -0.035 0.807 QBO Sep. S -0.026 0.874 
ENSO SON P -0.052 0.714 QBO Oct. S -0.115 0.486 
ENSO OND P -0.058 0.683 QBO Nov. S -0.175 0.287 
ENSO NDJ P -0.033 0.817 QBO Dec. S -0.189 0.250 
PDO HS Avg S 0.201 0.152 AMO HS Avg S -0.091 0.520 
PDO May S 0.149 0.290 AMO Jan. S -0.053 0.708 
PDO Jun. S 0.227 0.106 AMO Feb. S -0.018 0.897 
PDO Jul. S 0.153 0.280 AMO Mar. S -0.059 0.676 
PDO Aug. S 0.050 0.726 AMO Apr. S -0.055 0.700 
PDO Sep. S 0.213 0.130 AMO May S -0.099 0.487 
PDO Oct. S 0.171 0.225 AMO Jun. S -0.191 0.175 
PDO Nov. S 0.167 0.238 AMO Jul. S -0.109 0.441 
     AMO Aug. S -0.091 0.522 
     AMO Sep. S -0.057 0.687 
     AMO Oct. S -0.022 0.877 
     AMO Nov. S -0.115 0.419 
     AMO Dec. S -0.061 0.668 
 
 
Oscillation Dataset Model p-value Adequate? 
ENSO HS Avg y = 1.86-0.01x 0.950  
ENSO DJF y = 1.86-0.05x 0.310  
ENSO JFM y = 1.86-0.06x 0.283  
ENSO FMA y = 1.86-0.06x 0.433  
ENSO MAM y = 1.86-0.04x 0.664  
ENSO AMJ y = 1.86+0.004x 0.967  
ENSO MJJ y = 1.86+0.02x 0.864  
ENSO JJA y = 1.86+0.01x 0.916  
“(Table 10 cont’d)” 
Table 10. Results of the Poisson regression with the tracking_count dataset. 
 
Table 9. Results of the correlation (Cor.) tests (Pearson’s Product-Moment Correlation-P and 
Spearman’s Rank Correlation-S) and associated regression with the tracking_count dataset. Note 
since there were no statistically significant correlations, model columns are omitted. 
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Oscillation Dataset Model p-value Adequate? 
ENSO JAS y = 1.86-0.01x 0.926  
ENSO ASO y = 1.86-0.01x 0.926  
ENSO SON y = 1.86-0.02x 0.757  
ENSO OND y = 1.86-0.02x 0.731  
ENSO NDJ y = 1.86-0.01x 0.846  
PDO HS Avg y = 1.90+0.01x 0.306  
PDO May y = 1.88+0.05x 0.434  
PDO Jun. y = 1.89+0.07x 0.282  
PDO Jul. y = 1.88+0.04x 0.546  
PDO Aug. y = 1.87+0.02x 0.780  
PDO Sep. y = 1.90+0.07x 0.231  
PDO Oct. y = 1.89+0.05x 0.371  
PDO Nov. y = 1.89+0.06x 0.339  
QBO HS Avg y = 1.85+0.001x 0.986  
QBO Jan. y = 1.85+0.06x 0.451  
QBO Feb. y = 1.85+0.06x 0.412  
QBO Mar. y = 1.85+0.08x 0.276  
QBO Apr. y = 1.85+0.07x 0.271  
QBO May y = 1.85+0.06x 0.294  
QBO Jun. y = 1.85+0.04x 0.462  
QBO Jul. y = 1.85+0.02x 0.713  
QBO Aug. y = 1.85-0.0003x 0.996  
QBO Sep. y = 1.85-0.02x 0.705  
QBO Oct. y = 1.85-0.04x 0.469  
QBO Nov. y = 1.85-0.05x 0.371  
QBO Dec. y = 1.84-0.08x 0.217  
AMO HS Avg y = 1.86-0.09x 0.710  
AMO Jan. y = 1.86-0.04x 0.907  
AMO Feb. y = 1.87+0.06x 0.845  
AMO Mar. y = 1.86-0.07x 0.805  
AMO Apr. y = 1.86-0.12x 0.657  
AMO May y = 1.86-0.12x 0.624  
AMO Jun. y = 1.86-0.19x 0.387  
AMO Jul. y = 1.86-0.12x 0.631  
AMO Aug. y = 1.86-0.09x 0.665  
AMO Sep. y = 1.86-0.03x 0.874  
AMO Oct. y = 1.86+0.05x 0.821  
AMO Nov. y = 1.86-0.07x 0.780  
AMO Dec. y = 1.86-0.05x 0.845  
 
 Unlike the correlations with the tracking_count dataset, there were some statistically 
significant relationships with the different teleconnections and this dataset, tracking_per (Table 
11). Looking at ENSO, the HSAvg and JAS ENSO Index both had negative and statistically 
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significant correlations (at the 90% confidence level) with the tracking_per dataset, while the 
ASO, SON, OND, and NDJ datasets also had negative correlations, but statistically significant at 
the 95% confidence level. When a linear model is run on each of these, the models were 
statistically significant at the same confidence levels and were adequate (Figure 15). Continuing 
the trend, there were no statistically significant correlations with PDO or AMO and the 
tracking_per dataset. However, there were some statistically significant correlations with QBO. 
In the early part of the year, the February and March QBO indices displayed a positive, 
statistically significant at 90% confidence level, relationship with the tracking_per dataset. Both 
models based on these relations’ October and November QBO indices had a negative, 
statistically significant at the 95% confidence level, relationship with the tracking_per dataset. 
Both models derived from these relations had statistically significant p-values (although the 
model for October was only significant at 90% level) and were adequate (Figure 15). Lastly, and 
perhaps most interestingly was the relationship between the QBO Index in December and the 
tracking_per dataset- a negative, statistically significant at the 98% confidence level, 
relationship. The model derived from this relation was significant at 99% confidence level and 







Cor. Test Results Model Results 
Cor. p-value Model p-value Adequate? 
ENSO HS Avg P -0.254 0.069 y = 40.40-4.12x 0.069 Yes 
ENSO DJF P -0.068 0.631    
ENSO JFM P -0.095 0.504    
ENSO FMA P -0.101 0.478    
ENSO MAM P -0.117 0.409    
ENSO AMJ P -0.145 0.305    
ENSO MJJ P -0.185 0.189    
“(Table 11 cont’d)” 
 
 
Table 11- Results of the correlation (Cor.) tests (Pearson’s Product-Moment Correlation-P and 







Cor. Test Results Model Results 
Cor. p-value Model p-value Adequate? 
ENSO JJA P -0.221 0.116    
ENSO JAS P -0.262 0.061 y = 40.37-4.20x 0.061 Yes 
ENSO ASO P -0.288 0.039 y = 40.37-4.00x 0.039 Yes 
ENSO SON P -0.301 0.030 y = 40.36-3.65x 0.030 Yes 
ENSO OND P -0.294 0.035 y = 40.34-3.21x 0.035 Yes 
ENSO NDJ P -0.283 0.042 y = 40.34-3.00x 0.042 Yes 
PDO HS Avg S -0.052 0.712    
PDO May S 0.026 0.854    
PDO Jun. S 0.112 0.428    
PDO Jul. S -0.001 0.994    
PDO Aug. S -0.189 0.180    
PDO Sep. S -0.058 0.684    
PDO Oct. S -0.068 0.632    
PDO Nov. S -0.020 0.886    
QBO HS  Avg S 0.132 0.424    
QBO Jan. S 0.266 0.102    
QBO Feb. S 0.276 0.089 y = 39.29+4.78x 0.062 Yes 
QBO Mar. S 0.293 0.071 y = 39.37+4.54x 0.061 Yes 
QBO Apr. S 0.248 0.128 
   QBO May S 0.156 0.343 
 
 
 QBO Jun. S 0.050 0.762 
   QBO Jul. S 0.012 0.941 
   QBO Aug. S -0.108 0.514 
   QBO Sep. S -0.218 0.183 
   QBO Oct. S -0.320 0.047 y = 39.36-3.17x 0.083 Yes 
QBO Nov. S -0.369 0.021 y = 39.31-4.48x 0.022 Yes 
QBO Dec. S -0.380 0.017 y = 39.21-6.05x 0.006 Yes 
AMO HS Avg S 0.065 0.649    
AMO Jan. S 0.077 0.586    
AMO Feb. S 0.152 0.282    
AMO Mar. S 0.128 0.368    
AMO Apr. S 0.158 0.264    
AMO May S 0.072 0.610    
AMO Jun. S -0.001 0.997    
AMO Jul. S 0.044 0.756    
AMO Aug. S 0.079 0.578    
AMO Sep. S 0.047 0.739    
AMO Oct. S 0.046 0.747    
AMO Nov. S 0.019 0.893    







Figure 15. Plots of the HS Avg (a), JAS (b), ASO (c), SON (d), OND (e), and NDJ (f) ENSO 
indices and the Feb. (g), Mar. (h), Oct. (i), Nov.r (j), and Dec. (k) QBO indices versus the 
striking_count datasets with the linear model from Table 9 plotted in red. 
 


























 Similar to the relationships between the oscillations and the tracking_count dataset, most 
of the relationship with the tracknoIS_count dataset, including all of the ENSO, AMO and PDO 
indices, had no statistically significant trends (Table 12). However, there were three statistically 
significant patterns with QBO. First, there was a negative, statistically significant at 90% 
confidence level, relationship between the October QBO index and the tracknoIS_count. 
However, the model derived from this relationship, while also statistically significant, was not 
adequate. The November QBO index had also had a negative relationship with the 
tracknoIS_count dataset, albeit at the 95% confidence level, but the like the relationship with the 
October QBO, the model was not adequate. Lastly, there was also a negative relationship 
between the December QBO index and the tracknoIS_count dataset, also statistically significant 
at the 95% confidence level. But, unlike the relations between the October and November QBO 
indices and tracknoIS_count, the model with the December index was also statistically 
significant and adequate (Figure 16). However, running a Poisson model on the oscillation 
indices and tracknoIS_count, unlike the other count datsets, led to a few statistically significant 









Cor. Test Results Model Results 
Cor. p-value Model p-value Adequate? 
ENSO HS Avg S -0.097 0.496    
ENSO DJF S -0.205 0.145    
ENSO JFM S -0.227 0.105    
ENSO FMA S -0.203 0.148    
ENSO MAM S -0.200 0.156    
ENSO AMJ S -0.123 0.384    
ENSO MJJ S -0.114 0.419    
ENSO JJA S -0.120 0.396    
ENSO JAS S -0.100 0.483    
“(Table 12 cont’d)”  
Table 12. Results of the correlation (Cor.) tests (Pearson’s Product-Moment Correlation-P and 







Cor. Test Results Model Results 
Cor. p-value Model p-value Adequate? 
ENSO ASO S -0.106 0.453    
ENSO SON S -0.083 0.557 
   ENSO OND S -0.098 0.491 
   ENSO NDJ S -0.099 0.485 
   PDO HS Avg S 0.187 0.185 
   PDO May S 0.110 0.438 
   PDO Jun. S 0.198 0.159 
   PDO Jul. S 0.151 0.286 
   PDO Aug. S 0.042 0.770 
   PDO Sep. S 0.155 0.272 
   PDO Oct. S 0.128 0.365 
   PDO Nov. S 0.199 0.157 
   QBO HS Avg S -0.194 0.238 
   QBO Jan. S 0.175 0.288 
   QBO Feb. S 0.171 0.299 
   QBO Mar. S 0.156 0.344 
   QBO Apr. S 0.089 0.588 
   QBO May S 0.027 0.869 
 
 
 QBO Jun. S -0.009 0.958 
   QBO Jul. S -0.070 0.672 
   QBO Aug. S -0.143 0.385 
   QBO Sep. S -0.235 0.150 
   QBO Oct. S -0.295 0.068 y = 2.78-0.41x 0.067 No 
QBO Nov. S -0.347 0.030 y = 2.79-0.50x 0.041 No 
QBO Dec. S -0.335 0.037 y = 2.78-0.64x 0.020 Yes 
AMO HS Avg S 0.002 0.991 
   AMO Jan. S 0.076 0.594 
   AMO Feb. S 0.087 0.541 
   AMO Mar. S 0.050 0.724 
   AMO Apr. S 0.051 0.717 
   AMO May S 0.042 0.769 
   AMO Jun. S -0.097 0.493 
   AMO Jul. S -0.040 0.778 
   AMO Aug. S 0.021 0.883 
   AMO Sep. S 0.067 0.638 
   AMO Oct. S 0.103 0.466 
   AMO Nov. S 0.031 0.827 
   AMO Dec. S 0.086 0.542 






Model p-value Adequate? 
ENSO HS Avg y = 1.09-0.05x 0.666  
ENSO DJF y = 1.09-0.09x 0.216  
ENSO JFM y = 1.09-0.12x 0.184  
ENSO FMA y = 1.09-0.11x 0.306  
ENSO MAM y = 1.09-0.11x 0.407  
ENSO AMJ y = 1.09-0.08x 0.569  
ENSO MJJ y = 1.09-0.06x 0.667  
ENSO JJA y = 1.09-0.04x 0.733  
ENSO JAS y = 1.09-0.04x 0.685  
ENSO ASO y = 1.09-0.05x 0.580  
ENSO SON y = 1.09-0.05x 0.528  
ENSO OND y = 1.09-0.06x 0.428  
ENSO NDJ y = 1.09-0.06x 0.426  
PDO HS Avg y = 1.14+0.09x 0.400  
PDO May y = 1.12+0.07x 0.442  
PDO Jun. y = 1.13+0.11x 0.234  
PDO Jul. y = 1.11-0.03x 0.719  
PDO Aug. y = 1.09-0.003x 0.970  
PDO Sep. y = 1.13+0.06x 0.451  
PDO Oct. y = 1.12+0.06x 0.510  
PDO Nov. y = 1.14+0.10x 0.280  
QBO HS Avg y = 1.02-0.09x 0.310  
QBO Jan. y = 1.02+0.16x 0.185  
QBO Feb. y = 1.02+0.16x 0.195  
QBO Mar. y = 1.03+0.13x 0.253  
QBO Apr. y = 1.02+0.08x 0.408  
QBO May y = 1.03+0.03x 0.707  
QBO Jun. y = 1.03+0.01x 0.918  
QBO Jul. y = 1.03-0.04x 0.591  
QBO Aug. y = 1.03-0.08x 0.334  
QBO Sep. y = 1.08-0.01x 0.158  
QBO Oct. y = 1.01-0.15x 0.077 Yes 
QBO Nov. y = 1.01-0.18x 0.049 Yes 
QBO Dec. y = 1.00x-0.23x 0.027 Yes 
AMO HS Avg y = 1.09+0.10x 0.774  
AMO Jan. y = 1.12+0.35x 0.445  
AMO Feb. y = 1.11+0.31x 0.490  
AMO Mar. y = 1.10+0.15x 0.712  
AMO Apr. y = 1.10+0.14x 0.724  
AMO May y = 1.09+0.09x 0.794  
AMO Jun. y = 1.09-0.17x 0.616  
AMO Jul. y = 1.09-0.04x 0.892  
“(Table 13 cont’d)” 





Model p-value Adequate? 
AMO Aug. y = 1.09+0.05x 0.871  
AMO Sep. y = 1.09+0.16x 0.611  
AMO Oct. y = 1.09+0.31x 0.328  
AMO Nov. y = 1.11+0.25x 0.502  




Figure 16. Plot of the December (a) QBO index versus the tracknoIS_count dataset with the linear 
model from Table 9a plotted in red. Plots of the October (b), November (c), and December (d) 










 Lastly, table 14 shows the results of the Pearson’s Correlation Coefficient 
Test/Spearman’s Rank Correlation for each teleconnection dataset with tracknoIS_per. There 
were two ENSO indices with statistically significant negative trends: OND and NDJ, both 
significant at the 90% confidence level. The models based on these relations were also 
statistically significant and adequate (Figures 17. Like with every other strike/count dataset, there 
were only statistically insignificant trends between PDO and tracknoIS_per, as well as no 
statistically significant correlations between the AMO and the tracknoIS_per dataset. To finish, 
there were four QBO indices with statistically significant negative correlations. The correlation 
with September QBO index was statistically significant at the 90% confidence level, October at 
the 95% confidence level, and November and December both at the 99% confidence level. All 
four models were statistically significant at the same confidence levels and were adequate 







Cor. Test Results Model Results 
Cor. p-value Model p-value Adequate? 
ENSO HS Avg P -0.198 0.159 
   ENSO DJF P -0.103 0.467 
 
 
 ENSO JFM P -0.120 0.398 
   ENSO FMA P -0.100 0.479 
   ENSO MAM P -0.116 0.414 
   ENSO AMJ P -0.150 0.290 
   ENSO MJJ P -0.179 0.204 
   ENSO JJA P -0.185 0.190 
   ENSO JAS P -0.195 0.166 
   ENSO ASO P -0.220 0.117 
   ENSO SON P -0.225 0.109 
   ENSO OND P -0.241 0.085 y = 19.00-2.24x 0.085 Yes 
ENSO NDJ P -0.249 0.076 y = 18.97-2.24x 0.076 Yes 
PDO HS Avg S 0.061 0.667 
   PDO May S 0.054 0.702 
   “(Table 14 cont’d)” 
Table 14. Results of the correlation (Cor.) tests (Pearson’s Product-Moment Correlation-P and 







Cor. Test Results Model Results 
Cor. p-value Model p-value Adequate? 
PDO Jun. S 0.159 0.259    
PDO Jul. S 0.066 0.641 
   PDO Aug. S -0.088 0.534 
   PDO Sep. S 0.009 0.951 
   PDO Oct. S 0.014 0.923 
   PDO Nov. S 0.100 0.482 
   QBO HS Avg S -0.241 0.139 
   QBO Jan. S 0.260 0.110 
   QBO Feb. S 0.241 0.140 
   QBO Mar. S 0.198 0.227 
   QBO Apr. S 0.142 0.389 
   QBO May S 0.042 0.799 
 
 
 QBO Jun. S -0.057 0.731 
   QBO Jul. S -0.086 0.603 
   QBO Aug. S -0.177 0.282 
   QBO Sep. S -0.301 0.063 y = 17.76-2.74x 0.059 Yes 
QBO Oct. S -0.368 0.021 y = 17.72-3.35x 0.022 Yes 
QBO Nov. S -0.415 0.009 y = 17.67-4.17x 0.008 Yes 
QBO Dec. S -0.415 0.009 y = 17.59-5.08x 0.004 Yes 
AMO HS Avg S 0.086 0.543 
   AMO Jan. S 0.142 0.315 
   AMO Feb. S 0.177 0.210 
   AMO Mar. S 0.161 0.255 
   AMO Apr. S 0.178 0.206 
   AMO May S 0.155 0.273 
   AMO Jun. S 0.026 0.855 
   AMO Jul. S 0.048 0.735 
   AMO Aug. S 0.102 0.474 
   AMO Sep. S 0.111 0.432 
   AMO Oct. S 0.133 0.347 
   AMO Nov. S 0.105 0.457 
   AMO Dec. S 0.125 0.375 









(Figure 17 cont’d) 
 
Figure 17. Plots of the OND (a) and NDJ (b) ENSO indices and the September (c), October (d), 
November (e), and December (f) QBO indices versus the tracknoIS_per dataset with the linear 

































 Upon examination of the six datasets and their associated correlations as a whole it is 
difficult to discern a full pattern. However, it is notable that no dataset had a statistically 
significant correlation with any of the PDO or AMO indices. This fits within the context of some 
earlier literature, such as Collins and Mason (2000), who were unable to find a statistically 
significant trend between PDO and TC activity in the NE Pac basin. However, this study’s 
findings do not agree with more recent work by Raga et al. (2013) who found that PDO was a 
primary modulator of landfalls in southwestern Mexico and Baja California Sur between 1850 
and 2010. However, this inconsistency could partially be explained by methodology. Partially, 
that the work of Raga et al. (2013) was based on an annual PDO value, not a single month or a 
HSAvg value. In addition, the significantly long period of record (160 years) in that study 
compared to the study presented here (52 years) allows for more oscillations of this large scale 
pattern, and thus a more comprehensive view of PDO’s influence on TC activity in the NE Pac 
and in western Mexico. For AMO, it seems that AMO modulates overall activity in the basin, but 

















landfalls on the west coasts of Mexico during 1970-2010 was independent of the activity period 
analyzed”. It is also possible that the effects of the AMO on the basin are just part of the pattern 
between the NE Pac and the Atlantic basins of activity, as suggested by Wang and Lee (2009). 
 There were some interesting results regarding ENSO. Considering that negative ONI 
values associate with LN conditions and positive ONI values associate with EN conditions, the 
multiple negative correlations between the datasets and the various ENSO indices would mean 
than LN conditions lead to slightly higher counts of striking storms compared to neutral and EN 
seasons. However, this finding is not consistent across datasets. First, the only statistically trends 
and adequate models in any of the count datasets (striking_count, tracking_count, 
tracknoIS_count) were between the preceding winter ENSO indices (DJF and JFM) and the 
striking_count dataset. This result is intriguing because when looking at striking_per dataset, 
which normalizes for each season’s variability in TC counts, those two months had the weakest 
(and not statistically significant correlation) with the striking_per dataset and with all of the 
percent-based datasets. On the other hand, the HSAvg ENSO values had statistically significant 
negative trends with both the striking_per and tracking_per datasets, but not the tracknoIS_per 
dataset. This implies that in-season ENSO conditions play a larger role on striking storms and 
storms tracking near Mexico when Isla Socorro is included. All three of the percent-based 
datasets had statistically significant trends with individual three-month means as well. In the case 
with the striking_per dataset, every rolling mean from AMJ through NDJ had a statistically 
significant trend, the significance began with JAS for the tracking_per and OND for the 
tracknoIS_per datasets. These results may suggest that developing LN events later in the 
calendar year could promote more TCs tracking closer to Mexico. This finding is similar to 
results of Irwin and Davis (1999), who found that during EN conditions, TC tracks in the NE Pac 
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were shifted to the WSW- away from the Mexican coastline and Isla Socorro, when compared to 
LN or neutral conditions. It is also interesting to note the influence of Isla Socorro, as the dataset 
that excludes Isla Socorro (tracknoIS_per), had the fewest amount of statistically significant 
relationships between ENSO and the dataset. 
 Lastly, results of the relationships with the QBO indices were also intriguing. In terms of 
their relationships with the striking TCs datasets (striking_count and striking_per), there were 
some significant results, but no models created based on their correlations were both statistically 
significant and adequate. However, there were interesting trends with the tracking_per and 
tracknoIS_per datasets. First, the early spring QBO indices (February and March) had a 
statistically significant positive correlation with the tracking_per dataset, implying that a 
preceding early spring easterly phase of the QBO would support a higher percentage of a 
season’s TCs tracking near Mexico. However, in both datasets, there was a drastic change by the 
end of the calendar year with statistically significant correlations in the opposite direction, 
implying that a westerly phase at the end and just after a NE Pac hurricane season could promote 
a greater percentage of TCs tracking near Mexico, especially if the TCs that tracked only near 
Isla Socorro are removed as the correlations were even stronger in the tracknoIS_per dataset. 
There were also statistically significant trends with the track-based count datasets as well in both 
the linear models and using a Poisson model. While a future phenomenon (QBO phase at the end 
of the NE Pac hurricane season) cannot influence TC tracks before it, these results could have 
influence on forecasting. If the QBO could be forecast to enter its westerly phase by the end of 
the calendar year in April, it could be a sign that a greater percentage of TCs or count of TCs 





 An analysis between ENSO, PDO, AMO and QBO and the counts and percentage of 
striking TCs and TCs within 100 nautical miles of the Mexican coast was performed. 
Statistically significant correlations were found between various three month rolling means of 
ENSO and various striking/tracking TCs  datasets (striking_count, striking_per, tracking_count, 
tracking_per, tracknoIS_count, tracknoIS_per), as well as for various months of the QBO index 
at 30mb and the aforementioned striking/tracking TCs datasets. There were no statistically 
significant relationships between the striking/tracking TCs datasets and PDO, nor were there 
statistically significant relationships with AMO. Overall these results were mixed with little 
continuity between each striking/tracking dataset, other than the percent-based datasets, which 
help normalize the data based on interannual variability in overall TC counts, tending to have 
more statistically significant correlations and adequate linear models. Poisson regression on the 
count datasets yielded few statistically significant results. 
 Correlations describe that LN conditions during the NE Pac hurricane season tend to 
promote more storms either striking Mexico or tracking closer to the coast, but when considering 
the dataset that removed the influence of Isla Socorro, this correlation becomes insignificant. It 
was found that a late season westerly phase of the QBO promotes an increase in TCs closer to 
the coast of Mexico, with the results having a stronger correlation when removing the influence 
of Isla Socorro.  
 Seasonal forecasters can use these findings to help augment the seasonal forecasts for NE 
Pac TC activity. However, since the most significant findings were a relationship between in-
season indices and the different strike/track datasets, the utility of these results would have to 
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work in tandem with climatological forecasts of ENSO and QBO. In addition, these results 





Chapter 4. Conclusions 
4.1. General Conclusions 
 The Pacific Coast of Mexico, home to the Mexican Riviera resort cities, is at notable risk 
to TC activity. In general, the southwestern coast of Mexico, between Puerto Vallarta, Jalisco 
and Zihuatenejo, Guerrero, and the southern half of Baja California Sur are the areas at most risk 
from TC impacts, while locations in Sonora, Baja California, and on the northern and eastern 
coasts of the Gulf of Tehuantupec are not generally as affected. For most of Central America, 
their risk of TCs is most frequently from crossover storms from the Atlantic basin, with TS 
landfalls being uncommon, but not unprecedented. In Hawaii, Lihue, on the island of Kauai, is 
most susceptible to TC impacts, with the most of the island chain experiencing two or fewer 
strikes during the period of record. Lastly, Isla Socorro, off the coast of Mexico, has an argument 
to be one of the most TC-active populated location on earth, with over eighty TC strikes in the 
fifty-two year period of record.  
 Temporally, quiet years in overall activity do not necessarily mean fewer TC strikes as 
some relatively inactive years (such as 1996) had many striking TCs, while some active years 
had very few striking TCs (such as 1992). Overall, in recent years there seems to be an increased 
number of strikes on the Baja California peninsula and southwestern Mexico, and fewer strikes 
in the northwestern states of Sonora, Sinaloa, and Nayarit. Isla Socorro also experienced 
temporal variation strikes, with the period from the early 1980s to 2000 being significantly more 
active for the island than the periods before and after. Central America has seen an increase of 
non-crossover storm strikes in recent years, including strikes from Alma (2008), Agatha (2010), 
and Selma (2017) in recent years. Hawaii has also seen more strikes in recent years, with only 
one strike before 1992 (Iwa), but three since 2010 (Ana- 2014, Iselle- 2014, Darby-2016). 
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 TC return periods range from once every two years for southwestern Mexico and 
southern Baja California Sur, to fifty-two (+) years for San Diego, northern Baja California and 
Sonora, as well as Maui and Moloka’i in Hawaii. Hurricane return periods range from six-seven 
years in the hot spots, to fifty-two (+) years for most Baja California, Sonora, Chiapas, and all of 
Central America. Major hurricane strikes were rare in Mexico, with only Mazatlán receiving 
more than one and having a MH return period shorter than fifty-two (+) years on the mainland. 
Isla Socorro can expect a HU strike about once per year an MH strike about once every seven 
years. 
 Two atmospheric teleconnections, the El Niño-Southern Oscillation (ENSO) and the 
Quasi-Biennial Oscillation (QBO) yielded meaningful correlations with the strike/track datasets.   
In general for ENSO, LN conditions either during or at the end of hurricane season tended to 
promote a greater percentage of striking TCs and TCs tracking near the coast of Mexico. A 
similar pattern was found for QBO, finding that a QBO westerly phase at the end of a hurricane 
season or in the December after, led to a greater percentage of striking TCs or TCs near the coast 
of Mexico. On the other hand, PDO and AMO do not seem to yield statistically significant trends 
with striking TCs or TCs near the coast of Mexico, which may be partially due to the methods 
and length of the utilized period of record.  
 There remains some uncertainty on the effects of climate change on the basin. While 
there has been some increase in the basin’s SSTs since the early 1970s, there has been a notable 
decrease in Accumulated Cyclone Energy (ACE) in recent years (Klotzbach and Landsea 2015, 
Klotzbach 2006). However, as pointed out by Landsea (2005), there is difficulty in separating 
climate change signals when there a many interseasonal and interdecadal teleconnections that 
modulate TC activity. This is especially notable that the HURDAT dataset for the NE/C Pac only 
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extends back to 1949 and its incompleteness before the satellite era leads to severe 
undercounting of storms (Blake et al. 2009). This short record, for example, only includes one 
oscillation of the AMO (Wang and Lee 2009), which makes it hard to determine any possible 
impacts of a changing climate in the basin. While Raga et al. (2013) were modestly successful in 
creating a time series of landfalling TCs back to 1850, this time series is dependent on people 
living where the TCs struck and it actually being reported. Other caveats include the lack of 
intensity information and lack of coverage of open ocean storms, which make up about half of 
TCs in the NE Pac basin (Romero-Vadillo et al. 2007). Recent modeling studies, such as 
Camargo (2013) also do not provide detail, as the current climate model of CMIP5 has issues 
modeling global TC frequency and track distribution. In addition, this same study was unable to 
note any significant changes in frequency of TCs in the NE Pac basin. With the above 
considerations in mind, especially the length of record utilized, this thesis does not make claims 
about climate change impacts in the basin or its strikes. 
4.2. Broader Impacts, Implications, and Limitations 
 There are multiple implications of this research. First, the return period and temporal 
variability results provide useful information to emergency managers, government agencies, and 
private companies looking to invest in the region, as well as to the public at large in having a 
better understanding of the effect of TCs in their area. These results could help improve building 
requirements in the resort cities, help prepare rural and less well-off communities, and even 
influence where tourists choose to spend their vacation. For example, a family looking to 
vacation in the Mexican Riviera during the hurricane season months might elect to go to 
Ensenada or Puerto Peñasco, rather than Puerto Vallarta or Manzanillo, because of the 
significant difference in TC risk between these areas. In addition, these return periods could 
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provide useful baselines for the future to see how time and a changing climate may impact these 
in the future.  
 Implications based on the oscillation results are also wide ranging. One example is in 
seasonal forecasting. As of now, there is limited seasonal forecasting for the NE Pac (Caron et al. 
2015). The hope should be that these results, along with results of other relevant research should 
make seasonal prediction of TC activity for the NE Pac more common, eventually working 
toward providing better forecasts at the seasonal level for TC landfalls and strikes. In addition, 
these results could also be utilized in climate change research as well as baseline data.  
 Limitations of this work include to caveat the return period and strike tallies were used 
using a strike model, rather than using hard wind speed data. In addition, this model was coined 
to be used in the Atlantic basin and may not be fully accurate for NE Pac basin, particularly for 
MH strikes. With a short period of record used, there is a caveat that these datasets could be 
incomplete and results may differ with a longer dataset, for example- the inclusion of the 1959 
Great Mexico Hurricane or Hurricane Tara (1961), which both impacted southwest Mexico 
would almost certainly modify the return periods for the southwestern coast of Mexico (Hagen et 
al. 2016, Landsea et al. 2016).  
4.3. Future Research 
 Future research related to this thesis is wide ranging. In particular, using different 
statistical methods on each location’s strike datasets could provide additional details on the 
variation of TC impacts in the region. In addition, other research could look at ENSO, PDO, 
QBO, and AMO and how different phases impact TC strikes or tracks. For example, future 
research could compare the counts of storms near Mexico or striking Mexico during AMO cold 
and warm and test if there is a significant difference between the two distributions.  
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 In addition, there are many ways to examine strikes for Isla Socorro. With over eighty 
strikes, there could additional research into these strikes and how they align with different 
oscillations or synoptic set ups. A comparison with Isla Clarion, also part of the Revillagigedo 
Islands, to its west could also yield interesting results.  
 Lastly, reanalysis work on landfalling/striking Mexican hurricanes could also be a useful 
avenue of research, as these analyses could change the results of this thesis or to provide 
clarification on the validity of the size model in the basin. Other than analysis of the Great 
Mexico Hurricane of 1959 (Hagen et al. 2016) and a partial analysis of the 1858 San Diego 
Hurricane (Chenoworth and Landsea 2004), there has been no reanalysis of NE Pac TCs. In 
addition, this reanalysis work could help us even better understand how significant the 
operational change for the basin was when the NHC took it over from the Eastern Pacific 





Appendix A. Summary of Tropical Cyclone Strikes and Track Maps of 
Striking Tropical Cyclones by Location 
 
 
Isla Guadalupe, B.C.    
29.1°N, 118.3°W 
Nueva Odisea, B.C. 
30.3°N, 115.9°W 
Year Storm Strike Year Storm Strike 







Bahia Tortugas, B.C.S.   
27.7°N, 114.9°W 
Year Storm Strike 
1972 Hurricane Joanne TS 
1976 Hurricane Kathleen TS 
1977 Hurricane Doreen TS 
1984 Hurricane Marie TS 






Punta Abreojos, B.C.S.    
26.7°N, 113.6°W 
Year Storm Strike 
1966 Hurricane Helga TS 
1976 Hurricane Kathleen TS 
1977 Hurricane Doreen TS 
1984 Hurricane Norbert TS 
1989 Hurricane Raymond TS 
1992 Hurricane Lester HU 
1997 Hurricane Nora TS 
1998 TS Frank TS 






San Juanico, B.C.S.    
26.3°N, 112.5°W 
Year Storm Strike 
1977 Hurricane Doreen TS 
1992 Hurricane Lester TS 
1993 Hurricane Hilary TS 
2006 Hurricane John TS 
2009 Hurricane Jimena HU 
2012 Hurricane Paul TS 
2014 Hurricane Norbert TS 
2014 Hurricane Odile HU 
2015 Hurricane Blanca TS 
2016 Hurricane Newton TS 






Puerto San Carlos, B.C.S.    
24.8°N, 112.1°W 
Year Storm Strike 
1977 Hurricane Doreen HU 
1984 Hurricane Norbert HU 
1993 Hurricane Hilary TS 
1995 Hurricane Henriette TS 
2001 Hurricane Juliette TS 
2008 Hurricane Norbert TS 
2009 Hurricane Jimena HU 
2012 Hurricane Paul TS 
2013 TS Juliette TS 
2013 TS Octave TS 
2014 Hurricane Norbert HU 
2014 Hurricane Odile TS 
2015 Hurricane Blanca TS 






San José del Cabo, B.C.S.    
23.1°N, 109.7°W 
 
Year Storm Strike Year Storm Strike 
1969 TS Emily TS 1999 Hurricane Greg TS 
1971 Hurricane Nanette TS 2001 Hurricane Juliette TS 
1973 Hurricane Irah TS 2003 Hurricane Marty HU 
1976 Hurricane Liza HU 2006 Hurricane John HU 
1977 Hurricane Doreen TS 2007 Hurricane Henriette HU 
1981 TS Lidia TS 2008 TS Julio TS 
1982 Hurricane Paul HU 2009 Hurricane Jimena TS 
1984 Hurricane Norbert TS 2010 TS Georgette TS 
1986 Hurricane Paine TS 2013 TS Juliette TS 
1989 Hurricane Kiko HU 2013 TS Lorena TS 
1990 TS Rachel TS 2014 Hurricane Odile MH 
1995 Hurricane Henriette HU 2016 TS Javier TS 
1996 Hurricane Fausto TS 2017 TS Lidia TS 






La Paz, B.C.S.    
24.1°, 110.3°W 
 
Year Storm Strike Year Storm Strike 
1966 TS Kirsten TS 2003 Hurricane Ignacio HU 
1967 Hurricane Katrina TS 2003 Hurricane Marty HU 
1968 Hurricane Pauline TS 2006 Hurricane John TS 
1973 Hurricane Irah TS 2007 Hurricane Henriette HU 
1976 Hurricane Liza TS 2008 TS Julio TS 
1977 Hurricane Doreen HU 2008 Hurricane Norbert TS 
1986 Hurricane Newton TS 2009 Hurricane Jimena TS 
1989 Hurricane Kiko HU 2013 TS Juliette TS 
1995 Hurricane Henriette TS 2014 Hurricane Odile MH 
1996 Hurricane Fausto HU 2016 Hurricane Newton HU 






Loreto, B.C.S.    
26.0°N, 111.3°W 
 Year Storm Strike 
1967 Hurricane Katrina HU 
1967 Hurricane Olivia TS 
1977 Hurricane Doreen TS 
2003 Hurricane Marty HU 
2006 Hurricane John TS 
2007 Hurricane Henriette TS 
2008 TS Julio TS 
2009 Hurricane Jimena TS 
2014 Hurricane Odile HU 







Santa Rosalía, B.C.S.   
27.3°N, -112.3°W 
Year Storm Strike 
1967 Hurricane Katrina HU 
1967 Hurricane Olivia TS 
1989 Hurricane Raymond TS 
1992 Hurricane Lester HU 
2003 Hurricane Marty TS 
2006 Hurricane John TS 
2009 Hurricane Jimena TS 
2014 Hurricane Odile TS 






Bahía de los Ángeles, B.C.    
29.0°N, 113.6°W 
Year Storm Strike 
1967 Hurricane Katrina HU 
1997 Hurricane Nora TS 






San Felipe, B.C.   31.0°N, 114.8°W 
Golfo de Santa Clara, Son. 31.7°N, 114.5°W 
Year Storm Strike 
1967 Hurricane Katrina HU 






Puerto Peñasco, Son. 31.3°N, 113.5°W 
Puerto Libertad, Son. 29.9°N, 112.7°W 
Year Storm Strike 






Bahía Kino, Son.  
28.8°N, 111.9°W 
Year Storm Strike 
1967 Hurricane Katrina TS 
1989 Hurricane Raymond TS 
1992 Hurricane Lester TS 






Guaymas, Son.    
27.9°N, 110.9°W 
Year Storm Strike 
1967 Hurricane Katrina TS 
1967 Hurricane Olivia HU 






Parédon Colorado, Son.    
27.1°N, 109.9°W 
Year Storm Strike 
1967 Hurricane Katrina TS 
1967 Hurricane Olivia TS 
1968 Hurricane Pauline TS 
1976 Hurricane Liza TS 
1986 Hurricane Newton TS 






Topolobampo, Sin.    
25.6°N, 109.1°W 
Year Storm Strike 
1966 TS Kirsten TS 
1968 TS Hyacinth TS 
1973 Hurricane Irah TS 
1976 Hurricane Liza MH 
1981 TS Lidia TS 
1982 Hurricane Paul HU 
1986 Hurricane Newton TS 
1986 Hurricane Paine TS 
1989 Hurricane Kiko TS 
1995 Hurricane Ismael HU 
1996 Hurricane Fausto HU 
1998 Hurricane Isis HU 
2007 Hurricane Henriette TS 






Altata, Sin.   
24.6°N, 107.9°W 
 Year Storm Strike 
1971 TS Katrina TS 
1976 Hurricane Liza HU 
1982 Hurricane Paul TS 
1985 Hurricane Waldo TS 
1986 Hurricane Paine TS 
1989 Hurricane Kiko TS 
1990 TS Rachel TS 
1993 Hurricane Lidia TS 
1995 Hurricane Ismael TS 
1998 Hurricane Isis TS 
2006 Hurricane Lane TS 






Mazatlán, Sin.   
23.2°N, 106.4°W 
Year Storm Strike 
1968 Hurricane Naomi HU 
1969 Hurricane Jennifer TS 
1974 Hurricane Orlene HU 
1975 Hurricane Olivia MH 
1981 TS Knut TS 
1981 Hurricane Norma HU 
1983 Hurricane Tico MH 
1985 Hurricane Waldo TS 
1986 Hurricane Roslyn TS 
1993 Hurricane Lidia TS 
2006 Hurricane Lane MH 






Playa Novillero, Nay.    
22.4°N, 105.7°W 
Year Storm Strike 
1970 TS Eileen TS 
1974 Hurricane Orlene TS 
1975 Hurricane Olivia HU 
1981 Hurricane Norma TS 
1981 Hurricane Otis TS 
1983 Hurricane Adolph TS 
1983 Hurricane Tico HU 
1994 Hurricane Rosa HU 
2002 Hurricane Kenna MH 





San Blas, Nay.    
21.5°N, 105.3°W 
Year Storm Strike 
1971 Hurricane Priscilla TS 
1975 Hurricane Olivia TS 
1981 Hurricane Otis TS 
1983 Hurricane Adolph TS 
1983 Hurricane Tico TS 
1994 Hurricane Rosa TS 
1998 Hurricane Madeline TS 
2002 Hurricane Kenna MH 






Puerto Vallarta, Jal.  
20.7°N, 105.2°W 
Year Storm Strike 
1971 Hurricane Nanette TS 
1971 Hurricane Priscilla HU 
1981 Hurricane Otis TS 
1983 Hurricane Adolph TS 
1987 Hurricane Eugene TS 
1993 Hurricane Calvin HU 
1998 Hurricane Madeline TS 
2002 Hurricane Kenna HU 
2006 Hurricane John TS 
2006 Hurricane Lane TS 






Tehaulmixtle, Jal.    
20.2°N, 105.6°W 
Year Storm Strike 
1970 TS Eileen TS 
1971 Hurricane Nanette TS 
1971 Hurricane Priscilla HU 
1981 TS Irwin TS 
1981 Hurricane Otis TS 
1983 Hurricane Adolph TS 
1986 Hurricane Newton TS 
1987 Hurricane Eugene TS 
1990 TS Douglas TS 
1993 Hurricane Calvin HU 
1998 Hurricane Madeline TS 
1999 Hurricane Greg TS 
2002 Hurricane Kenna HU 
2006 Hurricane John TS 
2006 Hurricane Lane HU 
2011 Hurricane Jova TS 
2013 Hurricane Erick TS 
2014 Hurricane Odile TS 






Costa Careyes, Jal.    
19.4°N, 105.0°W 
Year Storm Strike Year Storm Strike 
1966 TS Maggie TS 1993 Hurricane Jova TS 
1968 TS Annette TS 1996 Hurricane Hernan HU 
1968 Hurricane Rebecca TS 1999 Hurricane Greg TS 
1970 TS Eileen TS 2002 Hurricane Kenna TS 
1971 Hurricane Nanette HU 2006 Hurricane John HU 
1971 Hurricane Priscilla TS 2011 Hurricane Beatriz TS 
1974 Hurricane Orlene TS 2011 Hurricane Jova HU 
1981 TS Irwin TS 2012 Hurricane Bud TS 
1981 Hurricane Otis TS 2013 Hurricane Erick TS 
1983 Hurricane Adolph TS 2014 Hurricane Odile TS 
1986 Hurricane Newton TS 2015 Hurricane Carlos TS 
1987 Hurricane Eugene HU 2015 Hurricane Patricia MH 
1990 TS Douglas TS 2017 TS Pilar TS 






Manzanillo, Col.    
19.1°N, 104.3°W 
Year Storm Strike Year Storm Strike 
1966 TS Maggie TS 1993 Hurricane Jova TS 
1968 TS Annette TS 1996 Hurricane Hernan HU 
1971 Hurricane Bridget TS 2003 Hurricane Olaf TS 
1971 Hurricane Lily HU 2006 Hurricane John HU 
1971 Hurricane Nanette TS 2009 Hurricane Andres TS 
1971 Hurricane Priscilla TS 2011 Hurricane Beatriz HU 
1974 TS Aletta TS 2011 Hurricane Jova TS 
1981 Hurricane Otis TS 2012 Hurricane Bud TS 
1987 Hurricane Eugene HU 2013 Hurricane Erick TS 
1990 TS Douglas TS 2013 Hurricane Manuel TS 
1992 Hurricane Virgil TS 2015 Hurricane Carlos TS 
1992 Hurricane Winifred HU 2015 Hurricane Patricia MH 
1993 Hurricane Calvin HU 1993 Hurricane Jova TS 






Isla Socorro, Col. (1966-1991)  18.8°N, 111.0°W 
Year Storm Strike Year Storm Strike 
1967 Hurricane Priscilla HU 1984 Hurricane Norbert HU 
1969 Hurricane Doreen HU 1985 Hurricane Olaf TS 
1970 TS Ione 2 TS 1985 Hurricane Terry MH 
1971 Hurricane Ilsa HU 1986 Hurricane Celia HU 
1971 TS Jewel TS 1986 Hurricane Javier HU 
1972 Hurricane Gwen HU 1986 Hurricane Roslyn HU 
1972 TS Iva TS 1987 Hurricane Norma TS 
1973 Hurricane Emily TS 1988 Hurricane Iva HU 
1973 Hurricane Florence TS 1988 Hurricane Kristy HU 
1974 Hurricane Maggie MH 1988 Hurricane Lane TS 
1975 Hurricane Katrina HU 1989 Hurricane Ismael TS 
1975 Hurricane Lily HU 1989 Hurricane Lorena TS 
1976 Hurricane Iva HU 1990 Hurricane Elida HU 
1978 Hurricane Iva TS 1990 Hurricane Fausto TS 
1978 Hurricane Norman MH 1990 Hurricane Genevieve HU 
1978 TS Sergio TS 1990 Hurricane Iselle MH 
1982 Hurricane Fabio TS 1990 Hurricane Trudy TS 
1982 Hurricane Olivia HU 1991 Hurricane Kevin HU 
1983 TS Dalilia TS 1991 Hurricane Linda TS 
1983 Hurricane Tico HU 1991 Hurricane Marty TS 




Isla Socorro, Col. (1992-2017) 18.8°N, 111.0°W 
Year Storm Strike Year Storm Strike 
1992 Hurricane Darby MH 2004 Hurricane Javier TS 
1992 Hurricane Lester TS 2005 Hurricane Hilary HU 
1992 Hurricane Tina TS 2006 Hurricane Carlotta TS 
1993 Hurricane Greg HU 2006 Hurricane Ileana HU 
1993 Hurricane Hilary TS 2007 TS Dalila TS 
1994 Hurricane Lane TS 2008 TS Karina TS 
1995 Hurricane Adolph TS 2008 TS Lowell TS 
1995 Hurricane Cosme TS 2009 Hurricane Rick TS 
1995 Hurricane Juliette HU 2010 Hurricane Frank HU 
1996 Hurricane Cesar-Douglas HU 2011 Hurricane Greg HU 
1997 TS Carlos TS 2011 Hurricane Hilary TS 
1997 Hurricane Linda MH 2012 TS Hector TS 
1997 Hurricane Nora MH 2012 TS John TS 
1998 Hurricane Blas TS 2012 Hurricane Miriam TS 
1999 Hurricane Adrian HU 2013 Hurricane Cosme TS 
1999 TS Irwin TS 2014 Hurricane Cristina HU 
2000 TS Bud TS 2014 Hurricane Simon TS 
2000 Hurricane Lane HU 2015 Hurricane Blanca HU 
2001 Hurricane Dalila TS 2015 Hurricane Dolores HU 
2001 Hurricane Juliette TS 2015 Hurricane Linda TS 
2002 Hurricane Hernan TS 2016 TS Kay TS 





Caleta de Campos, Mich.    
18.1°N, 102.8°W 
 
Year Storm Strike Year Storm Strike 
1966 TS Lorraine TS 1996 Hurricane Alma HU 
1966 TS Maggie TS 1996 Hurricane Hernan HU 
1971 Hurricane Bridget HU 2000 TS Norman TS 
1971 Hurricane Lily TS 2002 TS Julio TS 
1974 Hurricane Fifi* TS 2005 TS Dora TS 
1976 Hurricane Madeline TS 2006 Hurricane John HU 
1979 Hurricane Andres HU 2008 TS Odile TS 
1979 Hurricane Ignacio TS 2009 Hurricane Andres TS 
1983 Hurricane Lorena TS 2011 Hurricane Beatriz HU 
1987 Hurricane Eugene TS 2011 Hurricane Hilary TS 
1992 Hurricane Virgil HU 2013 Hurricane Erick TS 
1992 Hurricane Winifred TS 2013 Hurricane Manuel TS 






Lázaro Cárdenas, Mich.   
18.0°N, 102.8°W 
 
Year Storm Strike Year Storm Strike 
1971 Hurricane Agatha TS 1996 Hurricane Alma HU 
1971 Hurricane Bridget HU 1996 Hurricane Boris TS 
1973 TS Bernice TS 1996 Hurricane Hernan HU 
1974 Hurricane Fifi TS 2000 TS Norman TS 
1976 Hurricane Madeline HU 2002 TS Julio TS 
1978 Hurricane Aletta TS 2005 TS Dora TS 
1979 Hurricane Andres HU 2006 Hurricane John HU 
1983 Hurricane Lorena TS 2008 TS Odile TS 
1984 Hurricane Odile TS 2009 Hurricane Andres TS 
1986 Hurricane Agatha TS 2011 Hurricane Beatriz TS 
1992 Hurricane Virgil MH 2011 Hurricane Hilary TS 
1992 Hurricane Winifred TS 2013 Hurricane Manuel TS 







Zihuatenejo, Gro.    
17.6°N, 101.6°W 
Year Storm Strike 
1971 Hurricane Agatha HU 
1971 Hurricane Bridget HU 
1973 TS Bernice TS 
1974 Hurricane Fifi TS 
1976 Hurricane Madeline MH 
1978 Hurricane Aletta TS 
1979 Hurricane Andres HU 
1984 Hurricane Odile TS 
1992 Hurricane Virgil HU 
1993 Hurricane Calvin TS 
1996 Hurricane Alma TS 
1996 Hurricane Boris HU 
1996 Hurricane Hernan TS 
1997 Hurricane Pauline TS 
2002 TS Julio TS 
2005 TS Dora TS 
2006 Hurricane John HU 
2008 TS Odile TS 






Acapulco, Gro.    
16.9°N, 99.8°W 
Year Storm Strike 
1971 Hurricane Bridget HU 
1973 TS Claudia TS 
1974 Hurricane Orlene TS 
1979 Hurricane Andres TS 
1984 Hurricane Odile TS 
1996 Hurricane Boris TS 
1997 Hurricane Pauline HU 
2004 TS Lester TS 
2005 TS Dora TS 
2006 Hurricane John TS 
2008 TS Odile TS 
2011 Hurricane Hilary HU 
2015 Hurricane Carlos TS 






La Bocana, Gro.    
16.6°N, 98.8°W 
Year Storm Strike 
1971 Hurricane Bridget HU 
1974 Hurricane Dolores HU 
1974 Hurricane Orlene TS 
1989 Hurricane Cosme HU 
1997 Hurricane Pauline HU 
2004 TS Lester TS 
2006 Hurricane John TS 
2011 Hurricane Hilary TS 
2014 TS Trudy TS 






Cerro Hermoso, Oax.    
16.0°N, 97.5°W 
Year Storm Strike 
1971 Hurricane Bridget HU 
1993 TS Beatriz TS 
1997 Hurricane Pauline MH 
1997 Hurricane Rick HU 
2003 TS Carlos TS 






Puerto Escondido, Oax.    
15.9°N, 97.1°W 
Year Storm Strike 
1971 Hurricane Bridget HU 
1993 TS Beatriz TS 
1996 TS Cristina TS 
1997 Hurricane Pauline MH 
1997 Hurricane Rick HU 
1998 Hurricane Lester TS 
2003 TS Carlos TS 







Puerto Ángel, Oax.    
15.6°N, 96.5°W 
Year Storm Strike 
1971 Hurricane Bridget TS 
1996 TS Cristina TS 
1997 Hurricane Pauline MH 
1997 Hurricane Rick HU 
1998 Hurricane Lester TS 
2000 TS Rosa TS 
2012 Hurricane Carlotta HU 
2017 TS Beatriz TS 






Salina Cruz, Oax.    
16.2°N, 95.2°W 
 Year Storm Strike 
1997 Hurricane Pauline HU 
1997 Hurricane Rick TS 






Puerto Arista, Chis.   
15.9°N, 93.8°W 
Year Storm Strike 
1970 TS Orlene TS 
1978 Hurricane Greta-Olivia TS 
1997 Hurricane Rick TS 






Puerto Chiapas, Chis.    
14.7°N, 92.4°W 
Year Storm Strike 
1968 TS Simone TS 
1971 Hurricane Irene-Olivia TS 
1988 Hurricane Joan-Miriam TS 






Champerico, RE    
14.3°N, 91.9°W 
 Year Storm Strike 
1968 TS Simone TS 
1971 Hurricane Irene-Olivia TS 
1988 Hurricane Joan-Miriam TS 
2007 TS Barbara TS 






Sipacate, ES    
13.9°N, 91.1°W 
 Year Storm Strike 
1968 TS Simone TS 
1971 Hurricane Irene-Olivia TS 






Puerto San José, ES  13.9°N, 90.8°W 
Monterrico, SR   13.9°N, 90.5°W 
Year Storm Strike 
1988 Hurricane Joan-Miriam TS 





Acajutla, SO   13.6°N, 89.8°W 
El Jaguey, UN   13.2°N, 87.9°W 
 Year Storm Strike 
1988 Hurricane Joan-Miriam TS 






La Libertad, LI    
13.5°N, 89.3°W 
 Year Storm Strike 
1988 Hurricane Joan-Miriam TS 
1996 Hurricane Cesar-Douglas TS 






Amapala, VA    
13.3°N, 87.7°W 
 Year Storm Strike 






Mechapa, CI    
12.8°N, 87.6°W 
 Year Storm Strike 
1971 Hurricane Irene-Olivia TS 
1988 Hurricane Joan-Miriam TS 






Corinto, CI   12.5°N, 87.2°W 
Las Peñitas, LE   12.4°N, 87.0°W 
Year Storm Strike 
1971 Hurricane Irene-Olivia TS 
1988 Hurricane Joan-Miriam TS 






Lihue, HI    
22.0°N, 159.4°W 
 Year Storm Strike 
1982 Hurricane Iwa HU 
1992 Hurricane Iniki MH 
2014 Hurricane Ana TS 







Honolulu, HI    
21.3°N, 157.9°W 
 Year Storm Strike 
1992 Hurricane Iniki TS 






Hilo, HI   19.7°N, 155.1°W 
Kailua-Kona, HI 19.6°N, 156.0°W 
Year Storm Strike 
2014 Hurricane Iselle TS 







Appendix B. Oscillation and Tropical Cyclone Striking/Tracking 
Datasets 
 
Table B1. Oceanic Niño Index datasets  
Source: http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php 
Oceanic Niño Index (ENSO datasets) 
Year DJF JFM FMA MAM AMJ MJJ JJA JAS ASO SON OND NDJ HSAvg 
1966 1.4 1.2 1.0 0.7 0.4 0.2 0.2 0.1 -0.1 -0.1 -0.2 -0.3 0.1 
1967 -0.4 -0.5 -0.5 -0.4 -0.2 0.0 0.0 -0.2 -0.3 -0.4 -0.3 -0.4 -0.2 
1968 -0.6 -0.7 -0.6 -0.4 0.0 0.3 0.6 0.5 0.4 0.5 0.7 1.0 0.5 
1969 1.1 1.1 0.9 0.8 0.6 0.4 0.4 0.5 0.8 0.9 0.8 0.6 0.6 
1970 0.5 0.3 0.3 0.2 0.0 -0.3 -0.6 -0.8 -0.8 -0.7 -0.9 -1.1 -0.6 
1971 -1.4 -1.4 -1.1 -0.8 -0.7 -0.7 -0.8 -0.8 -0.8 -0.9 -1.0 -0.9 -0.8 
1972 -0.7 -0.4 0.1 0.4 0.7 0.9 1.1 1.4 1.6 1.8 2.1 2.1 1.4 
1973 1.8 1.2 0.5 -0.1 -0.5 -0.9 -1.1 -1.3 -1.5 -1.7 -1.9 -2.0 -1.3 
1974 -1.8 -1.6 -1.2 -1.0 -0.9 -0.8 -0.5 -0.4 -0.4 -0.6 -0.8 -0.6 -0.5 
1975 -0.5 -0.6 -0.7 -0.7 -0.8 -1.0 -1.1 -1.2 -1.4 -1.4 -1.6 -1.7 -1.2 
1976 -1.6 -1.2 -0.7 -0.5 -0.3 0.0 0.2 0.4 0.6 0.8 0.9 0.8 0.4 
1977 0.7 0.6 0.3 0.2 0.2 0.3 0.4 0.4 0.6 0.7 0.8 0.8 0.5 
1978 0.7 0.4 0.1 -0.2 -0.3 -0.3 -0.4 -0.4 -0.4 -0.3 -0.1 0.0 -0.4 
1979 0.0 0.1 0.2 0.3 0.2 0.0 0.0 0.2 0.3 0.5 0.5 0.6 0.2 
1980 0.6 0.5 0.3 0.4 0.5 0.5 0.3 0.0 -0.1 0.0 0.1 0.0 0.1 
1981 -0.3 -0.5 -0.5 -0.4 -0.3 -0.3 -0.3 -0.2 -0.2 -0.1 -0.2 -0.1 -0.2 
1982 0.0 0.1 0.2 0.5 0.7 0.7 0.8 1.1 1.6 2.0 2.2 2.2 1.2 
1983 2.2 1.9 1.5 1.3 1.1 0.7 0.3 -0.1 -0.5 -0.8 -1.0 -0.9 -0.1 
1984 -0.6 -0.4 -0.3 -0.4 -0.5 -0.4 -0.3 -0.2 -0.2 -0.6 -0.9 -1.1 -0.3 
1985 -1.0 -0.8 -0.8 -0.8 -0.8 -0.6 -0.5 -0.5 -0.4 -0.3 -0.3 -0.4 -0.5 
1986 -0.5 -0.5 -0.3 -0.2 -0.1 0.0 0.2 0.4 0.7 0.9 1.1 1.2 0.4 
1987 1.2 1.2 1.1 0.9 1.0 1.2 1.5 1.7 1.6 1.5 1.3 1.1 1.5 
1988 0.8 0.5 0.1 -0.3 -0.9 -1.3 -1.3 -1.1 -1.2 -1.5 -1.8 -1.8 -1.3 
1989 -1.7 -1.4 -1.1 -0.8 -0.6 -0.4 -0.3 -0.3 -0.2 -0.2 -0.2 -0.1 -0.3 
1990 0.1 0.2 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.3 0.4 0.4 0.3 
1991 0.4 0.3 0.2 0.3 0.5 0.6 0.7 0.6 0.6 0.8 1.2 1.5 0.7 
1992 1.7 1.6 1.5 1.3 1.1 0.7 0.4 0.1 -0.1 -0.2 -0.3 -0.1 0.2 
1993 0.1 0.3 0.5 0.7 0.7 0.6 0.3 0.3 0.2 0.1 0.0 0.1 0.3 
1994 0.1 0.1 0.2 0.3 0.4 0.4 0.4 0.4 0.6 0.7 1.0 1.1 0.5 
1995 1.0 0.7 0.5 0.3 0.1 0.0 -0.2 -0.5 -0.8 -1.0 -1.0 -1.0 -0.5 
1996 -0.9 -0.8 -0.6 -0.4 -0.3 -0.3 -0.3 -0.3 -0.4 -0.4 -0.4 -0.5 -0.3 
1997 -0.5 -0.4 -0.1 0.3 0.8 1.2 1.6 1.9 2.1 2.3 2.4 2.4 1.8 
1998 2.2 1.9 1.4 1.0 0.5 -0.1 -0.8 -1.1 -1.3 -1.4 -1.5 -1.6 -0.9 
1999 -1.5 -1.3 -1.1 -1.0 -1.0 -1.0 -1.1 -1.1 -1.2 -1.3 -1.5 -1.7 -1.1 
2000 -1.7 -1.4 -1.1 -0.8 -0.7 -0.6 -0.6 -0.5 -0.5 -0.6 -0.7 -0.7 -0.6 
2001 -0.7 -0.5 -0.4 -0.3 -0.3 -0.1 -0.1 -0.1 -0.2 -0.3 -0.3 -0.3 -0.2 
2002 -0.1 0.0 0.1 0.2 0.4 0.7 0.8 0.9 1.0 1.2 1.3 1.1 0.9 
2003 0.9 0.6 0.4 0.0 -0.3 -0.2 0.1 0.2 0.3 0.3 0.4 0.4 0.1 
“(Table B1 cont’d)” 
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Year DJF JFM FMA MAM AMJ MJJ JJA JAS ASO SON OND NDJ HSAvg 
2004 0.4 0.3 0.2 0.2 0.2 0.3 0.5 0.6 0.7 0.7 0.7 0.7 0.6 
2005 0.6 0.6 0.4 0.4 0.3 0.1 -0.1 -0.1 -0.1 -0.3 -0.6 -0.8 -0.1 
2006 -0.8 -0.7 -0.5 -0.3 0.0 0.0 0.1 0.3 0.5 0.7 0.9 0.9 0.3 
2007 0.7 0.3 0.0 -0.2 -0.3 -0.4 -0.5 -0.8 -1.1 -1.4 -1.5 -1.6 -0.8 
2008 -1.6 -1.4 -1.2 -0.9 -0.8 -0.5 -0.4 -0.3 -0.3 -0.4 -0.6 -0.7 -0.4 
2009 -0.8 -0.7 -0.5 -0.2 0.1 0.4 0.5 0.5 0.7 1.0 1.3 1.6 0.6 
2010 1.5 1.3 0.9 0.4 -0.1 -0.6 -1.0 -1.4 -1.6 -1.7 -1.7 -1.6 -1.3 
2011 -1.4 -1.1 -0.8 -0.6 -0.5 -0.4 -0.5 -0.7 -0.9 -1.1 -1.1 -1.0 -0.7 
2012 -0.8 -0.6 -0.5 -0.4 -0.2 0.1 0.3 0.3 0.3 0.2 0.0 -0.2 0.2 
2013 -0.4 -0.3 -0.2 -0.2 -0.3 -0.3 -0.4 -0.4 -0.3 -0.2 -0.2 -0.3 -0.3 
2014 -0.4 -0.4 -0.2 0.1 0.3 0.2 0.1 0.0 0.2 0.4 0.6 0.7 0.2 
2015 0.6 0.6 0.6 0.8 1.0 1.2 1.5 1.8 2.1 2.4 2.5 2.6 1.8 
2016 2.5 2.2 1.7 1.0 0.5 0.0 -0.3 -0.6 -0.7 -0.7 -0.7 -0.6 -0.5 
2017 -0.3 -0.1 0.1 0.3 0.4 0.4 0.2 -0.1 -0.4 -0.7 -0.9 -1.0 -0.1 
 
 
Table B2. Pacific Decadal Oscillation Index Datasets 
Source: https://www.ncdc.noaa.gov/teleconnections/pdo/data.csv 
 
Pacific Decadal Oscillation Index (PDO) 
Year May Jun Jul Aug Sep Oct Nov HSAvg 
1966 -0.68 0.04 -0.10 -0.43 -0.50 -0.70 -0.79 -0.45 
1967 -1.60 -1.25 -1.22 -1.63 -0.69 -0.17 0.29 -0.90 
1968 -0.76 0.14 0.41 -0.03 0.26 -0.22 0.00 -0.03 
1969 -1.02 0.81 -0.49 -1.06 -1.19 0.87 0.58 -0.21 
1970 -0.84 -0.04 -0.97 -1.83 -1.72 -1.19 -0.94 -1.08 
1971 -1.72 -1.69 -2.29 -0.42 -0.23 -0.44 -1.32 -1.16 
1972 -2.16 -1.88 -1.55 -0.22 -0.13 -0.16 -0.04 -0.88 
1973 -1.63 -1.45 -1.42 -1.64 -1.14 -1.37 -1.50 -1.45 
1974 -0.78 -0.50 -0.15 -0.33 0.60 0.08 0.57 -0.07 
1975 -2.04 -1.69 -0.98 -1.65 -1.67 -1.63 -1.74 -1.63 
1976 -1.14 -1.26 0.26 0.92 0.53 0.07 0.31 -0.04 
1977 -0.41 -0.02 -0.09 -0.07 -0.66 -0.88 -0.45 -0.37 
1978 0.69 0.24 -1.64 -0.97 -0.81 -0.02 -0.07 -0.37 
1979 0.52 0.14 0.18 0.08 0.84 0.06 0.50 0.33 
1980 0.57 -0.78 -0.32 -0.12 -0.29 0.92 0.70 0.10 
1981 0.22 0.77 0.71 -0.11 0.34 -0.15 0.45 0.32 
1982 -1.17 -0.98 0.09 -0.11 0.53 0.10 -0.61 -0.31 
1983 0.95 0.82 0.41 0.11 0.34 0.60 0.15 0.48 
1984 0.89 -0.12 -0.39 0.02 0.14 0.40 0.50 0.21 
1985 -0.87 0.04 0.43 0.08 0.02 0.10 -0.70 -0.13 
1986 0.73 0.59 0.04 -0.17 -0.05 0.90 0.62 0.38 
1987 0.84 0.05 0.35 0.68 0.42 0.68 0.88 0.56 
1988 0.26 0.11 -0.27 -0.91 -1.01 -0.45 -0.14 -0.34 
 




Year May Jun Jul Aug Sep Oct Nov HSAvg 
1989 -0.17 0.03 0.47 -0.58 -0.65 -0.57 -0.78 -0.32 
1990 -0.42 -0.32 -0.35 -0.45 -0.32 -1.19 -1.93 -0.71 
1991 -1.70 -2.36 -1.59 -0.65 0.22 0.24 0.43 -0.77 
1992 0.12 0.14 0.45 0.84 0.40 0.16 0.24 0.34 
1993 0.66 0.96 0.37 0.79 0.06 0.24 0.02 0.44 
1994 0.46 -0.08 -1.02 -0.98 -1.54 -1.10 -2.04 -0.90 
1995 0.69 0.85 0.80 -0.35 0.02 0.46 0.00 0.35 
1996 0.93 0.91 0.48 -0.72 0.03 0.30 0.36 0.33 
1997 0.38 0.33 0.38 0.08 0.60 0.72 0.42 0.42 
1998 -0.80 -0.70 -1.23 -0.83 -1.54 -2.23 -1.04 -1.20 
1999 -2.20 -2.34 -1.94 -1.84 -2.23 -2.49 -2.15 -2.17 
2000 -0.86 -0.66 -1.45 -1.74 -1.55 -1.67 -1.06 -1.28 
2001 -1.10 -1.28 -2.31 -1.86 -2.13 -1.87 -1.17 -1.67 
2002 -1.57 -1.27 -0.97 -0.15 -0.38 -0.25 0.04 -0.65 
2003 0.06 -0.51 0.11 0.40 -0.46 0.54 -0.19 -0.01 
2004 0.23 -0.49 -0.24 0.02 -0.17 -0.76 -1.24 -0.38 
2005 0.06 0.56 -0.20 -0.61 -1.11 -2.05 -1.84 -0.74 
2006 -0.45 -0.04 0.12 -1.13 -1.75 -0.60 -0.83 -0.67 
2007 -0.53 -0.37 0.16 -0.15 -1.04 -2.24 -1.38 -0.79 
2008 -1.93 -2.11 -2.17 -2.00 -2.02 -1.80 -1.57 -1.94 
2009 -1.45 -0.85 -0.88 -0.50 0.19 -0.23 -1.01 -0.68 
2010 -0.35 -0.93 -2.17 -2.44 -2.44 -1.61 -1.58 -1.65 
2011 -0.97 -1.31 -2.50 -2.59 -2.63 -1.95 -2.96 -2.13 
2012 -2.00 -1.43 -2.34 -2.51 -3.05 -1.22 -0.58 -1.88 
2013 -0.42 -1.25 -1.77 -1.79 -1.09 -1.90 -1.18 -1.34 
2014 0.09 -0.32 0.15 -0.02 0.55 0.33 0.33 0.16 
2015 0.29 0.67 0.24 0.69 0.83 0.76 0.14 0.52 
2016 0.44 0.81 0.17 -0.87 -1.04 -0.67 0.84 -0.05 
2017 0.29 0.21 -0.49 -0.62 -0.25 -0.61 -0.45 -0.27 
 
 
Table B3. 30mb Quasi-Biennial Oscillation Index Datasets 
Source: http://www.cpc.ncep.noaa.gov/data/indices/qbo.u30.index 
 
30mb Quasi-Biennial Oscillation Index (QBO) 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec HSAvg 
1979 0.31 0.42 0.09 -0.29 -0.92 -1.23 -1.19 -1.27 -1.40 -1.52 -1.50 -1.14 -1.29 
1980 -0.67 -0.38 -0.22 0.19 0.64 0.96 1.26 1.33 1.48 1.44 1.30 1.03 1.20 
1981 0.83 0.63 0.63 0.67 0.38 0.08 0.12 -0.13 -0.25 -0.40 -0.47 -0.76 -0.10 
1982 -0.86 -1.12 -1.34 -1.27 -1.11 -0.93 -0.18 0.42 0.79 1.05 1.09 1.08 0.16 
1983 1.04 1.01 1.01 1.12 1.10 0.62 0.27 0.01 -0.18 -0.45 -0.52 -0.69 0.12 
1984 -0.71 -0.84 -1.04 -1.19 -1.10 -1.10 -1.52 -1.73 -1.62 -1.38 -0.76 -0.42 -1.32 
1985 0.13 0.42 0.54 0.90 1.23 1.50 1.45 1.45 1.40 1.34 1.26 1.05 1.38 
1986 0.87 0.91 1.00 0.74 0.42 0.19 0.12 -0.24 -0.38 -0.41 -0.34 -0.62 -0.09 
 




Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec HSAvg 
1987 -0.65 -0.84 -1.14 -1.32 -1.50 -1.38 -0.59 0.50 0.93 1.14 1.07 0.93 0.02 
1988 0.79 0.58 0.50 0.53 0.57 0.40 0.23 0.33 0.26 0.25 0.25 0.04 0.33 
1989 -0.08 -0.21 -0.11 -0.16 -0.31 -0.40 -0.58 -0.84 -1.09 -1.36 -1.24 -0.86 -0.83 
1990 -0.55 -0.47 0.10 0.46 1.06 1.42 1.57 1.57 1.52 1.39 1.25 1.11 1.40 
1991 0.87 0.77 0.75 0.87 0.44 0.09 -0.30 -0.65 -0.69 -0.62 -0.69 -0.79 -0.35 
1992 -0.98 -1.09 -1.35 -1.45 -1.17 -0.88 -0.43 0.16 0.55 0.70 0.83 0.91 -0.03 
1993 0.94 0.96 0.95 1.02 1.23 0.90 0.58 0.45 0.36 0.05 -0.16 -0.25 0.49 
1994 -0.47 -0.72 -0.90 -1.20 -1.34 -1.51 -1.79 -1.66 -1.10 -0.46 0.29 0.72 -1.08 
1995 0.84 0.73 0.74 0.96 1.35 1.64 1.50 1.32 1.02 0.66 0.24 -0.14 1.10 
1996 -0.31 -0.48 -0.79 -0.91 -1.08 -1.02 -1.40 -1.56 -1.67 -1.53 -1.16 -0.56 -1.35 
1997 -0.13 0.24 0.39 0.75 1.15 1.56 1.74 1.47 1.43 1.30 0.98 0.49 1.38 
1998 0.22 -0.15 -0.38 -0.59 -0.89 -1.07 -1.29 -1.41 -1.26 -1.11 -0.77 -0.18 -1.11 
1999 0.27 0.41 0.58 0.99 1.36 1.60 1.64 1.54 1.37 1.14 0.85 0.72 1.36 
2000 0.53 0.45 0.49 0.42 0.11 -0.22 -0.53 -0.70 -0.81 -0.78 -0.87 -0.87 -0.54 
2001 -1.07 -1.13 -1.30 -1.41 -1.53 -1.51 -1.45 -1.22 -0.72 -0.51 0.00 0.36 -0.99 
2002 0.54 0.73 0.78 1.14 1.28 1.45 1.37 1.41 1.17 1.00 0.68 0.20 1.19 
2003 0.04 -0.04 -0.25 -0.70 -1.00 -1.08 -1.33 -1.46 -1.39 -1.28 -1.14 -0.69 -1.24 
2004 -0.24 0.29 0.47 0.85 1.19 1.32 1.36 1.26 1.04 1.01 0.67 0.43 1.12 
2005 0.12 0.01 -0.01 -0.54 -1.10 -1.31 -1.42 -1.56 -1.82 -1.97 -2.09 -1.80 -1.61 
2006 -1.38 -0.83 -0.01 0.41 0.97 1.30 1.42 1.42 1.28 1.26 1.14 0.75 1.26 
2007 0.37 0.28 0.12 -0.42 -1.02 -1.37 -1.48 -1.69 -1.84 -1.99 -1.93 -1.35 -1.62 
2008 -0.85 -0.30 0.20 0.52 1.07 1.46 1.63 1.49 1.39 1.28 1.06 1.09 1.34 
2009 1.03 1.09 0.95 0.74 0.26 -0.08 -0.45 -0.63 -0.68 -0.58 -0.81 -1.03 -0.42 
2010 -1.15 -1.30 -1.58 -1.92 -2.01 -1.67 -0.25 0.66 0.98 1.26 1.31 1.13 0.04 
2011 0.91 0.90 0.87 0.87 0.95 0.68 0.58 0.51 0.26 0.13 -0.43 -1.08 0.38 
2012 -1.15 -1.16 -1.34 -1.44 -1.67 -1.74 -1.72 -1.73 -1.72 -1.62 -1.23 -0.58 -1.63 
2013 -0.34 -0.02 0.25 0.68 1.16 1.46 1.71 1.74 1.52 1.33 1.33 1.26 1.46 
2014 1.23 1.12 0.98 0.58 -0.10 -0.77 -1.02 -1.22 -1.44 -1.57 -1.61 -1.82 -1.10 
2015 -2.02 -2.25 -2.27 -1.99 -0.87 0.54 1.16 1.44 1.43 1.47 1.36 1.17 0.93 
2016 0.92 0.63 0.28 0.05 0.32 0.68 1.06 1.37 1.30 1.42 1.47 1.47 1.09 
2017 1.37 1.29 1.19 1.13 0.78 0.11 -0.31 -0.63 -0.80 -0.99 -1.09 -1.23 -0.42 
 
 
Table B4. Atlantic Multidecadal Oscillation Index Datasets 
Source: https://www.esrl.noaa.gov/psd/data/timeseries/AMO 
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec HSAvg 
1966 -0.08 0.01 -0.01 0.04 0.00 -0.05 -0.06 -0.04 0.00 0.01 0.00 0.08 -0.02 
1967 0.08 0.09 -0.03 -0.02 -0.19 -0.26 -0.23 -0.17 -0.10 -0.10 -0.24 -0.15 -0.18 
1968 -0.25 -0.20 -0.21 -0.16 -0.12 -0.26 -0.23 -0.21 -0.15 -0.11 -0.11 -0.13 -0.17 
1969 -0.06 0.10 0.21 0.15 0.01 0.03 0.09 -0.10 -0.11 -0.19 -0.13 -0.03 -0.06 
1970 -0.01 -0.05 0.02 0.02 -0.05 -0.18 -0.20 -0.14 -0.14 -0.20 -0.24 -0.21 -0.16 
1971 -0.25 -0.29 -0.31 -0.41 -0.33 -0.36 -0.35 -0.44 -0.37 -0.24 -0.24 -0.31 -0.33 
1972 -0.32 -0.38 -0.44 -0.33 -0.47 -0.49 -0.38 -0.38 -0.30 -0.29 -0.28 -0.35 -0.37 
 




Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec HSAvg 
1973 -0.37 -0.39 -0.34 -0.26 -0.17 -0.18 -0.10 -0.13 -0.13 -0.22 -0.21 -0.24 -0.16 
1974 -0.28 -0.28 -0.40 -0.52 -0.50 -0.45 -0.51 -0.47 -0.51 -0.51 -0.43 -0.36 -0.48 
1975 -0.27 -0.34 -0.31 -0.35 -0.39 -0.30 -0.27 -0.19 -0.34 -0.35 -0.34 -0.32 -0.31 
1976 -0.38 -0.44 -0.49 -0.43 -0.49 -0.48 -0.31 -0.19 -0.19 -0.29 -0.42 -0.43 -0.34 
1977 -0.39 -0.33 -0.18 -0.22 -0.17 -0.11 -0.11 -0.14 -0.23 -0.22 -0.14 -0.20 -0.16 
1978 -0.11 -0.15 -0.16 -0.19 -0.20 -0.33 -0.28 -0.23 -0.19 -0.21 -0.12 -0.18 -0.22 
1979 -0.19 -0.15 -0.23 -0.24 -0.12 -0.04 -0.09 -0.11 -0.11 -0.09 -0.08 -0.06 -0.09 
1980 0.00 -0.08 -0.14 0.00 0.13 0.11 0.05 0.03 -0.01 -0.06 -0.20 -0.25 0.01 
1981 -0.18 -0.17 0.01 -0.09 -0.08 -0.06 -0.09 -0.11 -0.03 -0.18 -0.13 0.00 -0.10 
1982 -0.07 -0.07 -0.07 -0.18 -0.19 -0.18 -0.22 -0.30 -0.30 -0.36 -0.41 -0.37 -0.28 
1983 -0.29 -0.10 0.09 0.07 -0.04 -0.05 -0.01 -0.15 -0.21 -0.19 -0.15 0.00 -0.11 
1984 -0.10 -0.08 -0.12 -0.15 -0.16 -0.32 -0.26 -0.22 -0.20 -0.34 -0.42 -0.31 -0.27 
1985 -0.35 -0.32 -0.35 -0.39 -0.33 -0.12 -0.15 -0.27 -0.24 -0.24 -0.29 -0.33 -0.23 
1986 -0.34 -0.27 -0.29 -0.32 -0.22 -0.25 -0.24 -0.27 -0.21 -0.31 -0.39 -0.37 -0.27 
1987 -0.27 -0.21 -0.03 0.04 0.08 0.21 0.29 0.29 0.20 0.05 -0.06 0.05 0.15 
1988 -0.04 -0.11 -0.01 0.06 0.14 0.17 0.11 0.00 -0.09 -0.17 -0.14 -0.16 0.00 
1989 -0.22 -0.15 -0.25 -0.29 -0.14 0.09 0.18 0.12 -0.09 -0.12 -0.15 -0.15 -0.02 
1990 -0.30 -0.16 -0.18 -0.11 -0.06 -0.05 -0.02 0.06 0.15 0.12 -0.05 -0.03 0.02 
1991 -0.19 -0.11 -0.07 -0.13 -0.15 -0.13 -0.11 -0.11 -0.04 -0.26 -0.26 -0.21 -0.15 
1992 -0.19 -0.09 -0.09 -0.18 -0.22 -0.15 -0.22 -0.38 -0.37 -0.30 -0.33 -0.28 -0.28 
1993 -0.24 -0.19 -0.24 -0.17 -0.16 -0.18 -0.28 -0.23 -0.16 -0.24 -0.32 -0.29 -0.22 
1994 -0.30 -0.31 -0.28 -0.20 -0.21 -0.22 -0.23 -0.24 -0.15 -0.06 -0.02 -0.09 -0.16 
1995 -0.06 -0.04 0.02 0.08 0.27 0.36 0.31 0.18 0.05 0.10 0.13 0.04 0.20 
1996 -0.01 -0.03 -0.06 0.01 -0.07 -0.12 -0.11 -0.01 0.00 -0.15 -0.17 -0.16 -0.09 
1997 -0.09 -0.04 0.01 0.01 0.04 0.01 0.06 0.02 0.11 0.15 0.05 0.13 0.06 
1998 0.13 0.29 0.32 0.29 0.38 0.49 0.49 0.51 0.41 0.38 0.32 0.28 0.43 
1999 0.05 0.06 0.07 0.05 0.16 0.18 0.20 0.31 0.18 0.02 -0.05 0.01 0.14 
2000 -0.08 -0.04 0.10 0.04 0.11 -0.02 0.07 0.10 0.10 -0.04 -0.05 -0.13 0.04 
2001 -0.13 -0.03 0.01 -0.01 -0.01 0.20 0.14 0.18 0.29 0.25 0.16 0.21 0.17 
2002 0.18 0.17 0.14 0.03 -0.05 -0.12 -0.07 0.11 0.08 0.11 0.02 0.00 0.01 
2003 0.05 -0.01 0.11 0.08 0.15 0.21 0.28 0.42 0.45 0.43 0.22 0.22 0.31 
2004 0.21 0.21 0.16 0.11 0.01 0.18 0.23 0.32 0.24 0.24 0.22 0.19 0.20 
2005 0.11 0.13 0.28 0.29 0.29 0.33 0.45 0.44 0.42 0.24 0.14 0.22 0.33 
2006 0.12 0.08 0.06 0.20 0.31 0.33 0.37 0.40 0.36 0.33 0.29 0.17 0.34 
2007 0.17 0.22 0.13 0.16 0.11 0.09 0.13 0.06 0.10 0.16 0.18 0.11 0.12 
2008 0.03 0.13 0.16 0.04 0.17 0.26 0.21 0.18 0.20 0.10 0.00 0.02 0.16 
2009 -0.06 -0.16 -0.16 -0.13 -0.06 0.12 0.23 0.15 0.06 0.16 0.07 0.08 0.10 
2010 0.04 0.18 0.29 0.43 0.46 0.45 0.45 0.53 0.45 0.32 0.24 0.21 0.41 
2011 0.14 0.11 0.06 0.09 0.15 0.18 0.09 0.15 0.14 0.06 -0.07 -0.05 0.10 
2012 -0.07 0.00 0.03 0.08 0.16 0.30 0.38 0.43 0.45 0.33 0.17 0.14 0.32 
2013 0.13 0.12 0.16 0.14 0.10 0.05 0.19 0.19 0.26 0.35 0.13 0.04 0.18 
2014 -0.06 -0.04 -0.08 -0.09 0.00 0.06 0.22 0.33 0.31 0.29 0.07 0.06 0.18 
2015 -0.01 0.00 -0.13 -0.07 0.04 0.03 0.13 0.18 0.30 0.32 0.19 0.23 0.17 
2016 0.23 0.16 0.19 0.18 0.34 0.41 0.43 0.46 0.46 0.38 0.39 0.34 0.41 




Table B5- Tropical Cyclone (TC) Strike and Track Datasets. Striking datasets are based off 
resulting strikes from the TC strike model (Figure 1), while tracking and tracknoIS datasets are 
based on TCs that passed within any of the 100 nautical miles (Figure 6) of all locations 















1966 4 30.8 5 38.5 5 38.5 
1967 3 17.6 8 47.1 3 17.7 
1968 6 30.0 10 50.0 5 25.0 
1969 3 30.0 6 60.0 3 30.0 
1970 3 15.8 9 47.4 5 26.3 
1971 9 50.0 9 50.0 6 33.3 
1972 3 21.0 5 35.7 2 14.3 
1973 5 41.7 6 50.0 3 25.0 
1974 5 26.3 8 42.1 4 21.1 
1975 3 18.8 5 31.3 2 12.5 
1976 4 26.7 6 40.0 4 26.7 
1977 1 12.5 3 37.5 1 12.5 
1978 5 26.3 7 36.8 3 15.8 
1979 2 20.0 4 40.0 3 30.0 
1980 0 0.0 3 21.4 0 0.0 
1981 5 33.3 7 46.7 4 26.7 
1982 3 13.0 3 13.0 0 0.0 
1983 4 19.0 8 38.1 3 14.3 
1984 4 19.0 7 33.3 3 14.3 
1985 3 13.0 5 21.7 1 4.4 
1986 6 35.3 8 47.1 3 17.7 
1987 2 10.5 6 31.6 3 15.8 
1988 4 26.7 5 33.3 2 13.3 
1989 5 29.4 9 52.9 4 23.5 
1990 7 33.3 9 42.9 1 4.8 
1991 3 21.4 6 42.9 1 7.1 
1992 5 18.5 10 37.0 3 11.1 
1993 7 46.7 7 46.7 3 20.0 
1994 2 10.0 3 15.0 1 5.0 
1995 5 50.0 7 70.0 3 30.0 
1996 6 54.5 7 63.6 5 45.5 
1997 5 26.3 7 36.8 5 26.3 
1998 5 38.5 6 46.2 3 23.1 
1999 3 27.3 3 27.3 1 9.1 
2000 4 23.5 7 41.2 3 17.7 
2001 2 13.3 4 26.7 1 6.7 
2002 3 20.0 5 33.3 3 20.0 
2003 4 25.0 5 31.3 4 25.0 
 
















2004 3 25.0 6 50.0 1 8.3 
2005 2 13.3 5 33.3 2 13.3 
2006 4 21.1 7 36.8 3 15.8 
2007 3 27.3 5 45.5 2 18.2 
2008 5 29.4 6 35.3 3 17.7 
2009 3 15.0 5 25.0 1 5.0 
2010 2 25.0 4 50.0 2 25.0 
2011 4 36.4 7 63.6 4 36.4 
2012 6 35.3 8 47.1 4 23.5 
2013 7 35.0 11 55.0 6 30.0 
2014 5 22.7 12 54.6 6 27.3 
2015 5 19.2 7 26.9 3 11.5 
2016 3 13.0 5 21.7 2 8.7 
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